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This  r e p o r t  d e t a i l s  the engineer ing development of a s o l i d - s t a t e  t rans -  
m i t t e r  a m p l i f i e r  operat ing i n  the 20-GHz frequency range. 
e f f o r t  i nvo l ved  a mu1 t i t u d e  o f  d i s c i p l i n e s  i n c l u d i n g  IMPATT dev ice develop- 
ment, c i r c u l a t o r  design, mu l t i p le -d iode  c i r c u i t  design, and a m p l i f i e r  i n t e -  
g r a t i o n  and t e s t .  
a m p l i f i e r  which would demonstrate t h e  f e a s i b i l i t y  o f  p r o v i d i n g  an e f f i c i e n t ,  
r e l i a b l e ,  l i g h t w e i g h t  s o l i d - s t a t e  t r a n s m i t t e r  t o  be f l own  on a 30 t o  20 GHz 
communication demonstrat ion sate1 1 i t e .  
from NASA/Lewis Research Center f o r  a per iod o f  t h ree  years. 
The development 
The program o b j e c t i v e  was t o  develop a t r a n s m i t t e r  
The work was performed under contract .  
The r e s u l t  of t h i s  e f f o r t  was the development o f  a GaAs IMPATT diode 
amp1 f i e r  capable of an 11-W CW output  power and a 2-dB bandwidth o f  300 MHz. 
GaAs IMPATT diodes i n c o r p o r a t i n g  diamond heat-sink and double-Read doping 
prof  l e  capable of 5.3 W o s c i l l a t o r  output and 15.5 percent  e f f i c i e n c y  were 
a l s o  developed. 
power l e v e l  of 4 .4  W. High performance c i r c u l a t o r s  w i th  a 0.2 dB i n s e r t i o n  
l o s s  and bandwidth of 5 GHz have a l s o  been developed. 
n i f i c a n t  advance i n  the s t a t e - o f - t h e - a r t  i n  both device and power combiner 
c i r c u i t  technologies i n  K-band frequencies. 
Up t o  19 percent e f f i c i ency  was a l s o  observed f o r  an output  
These represent  a s i g -  
One area needing f u r t h e r  improvement i s  the diode y i e l d .  Although we 
have demonstrated up t o  5.3 W CW output  power per device, t he re  were n o t  
enough of these devices f o r  the 6-diode power combiner development, thus we 
were forced t o  r e v e r t  t o  the  devices having the more t y p i c a l  ou tpu t  power 
?eve? c f  2 W .  
cate a h i g h l y  e f f i c i e n t  and n e a r l y  optimum combiner c i r c u i t  design. 
l i e v e  that  the  c i r c u i t  design i s  s u f f i c i e n t l y  v e r s a t i l e  t o  accommodate h ighe r  
power devices. 
Nevertheless, the 11-W pcwer combiner olrtput power does i n d i -  
We be- 
The contents o f  t h i s  r e p o r t  are summarized as fo l lows:  Sect ion 2 de- 
s c r i b e s  the program ob jec t i ves ,  spec i f i ca t i ons ,  and requirements; Sect ion 3 
presents design methodology, f a b r i c a t i o n  and performance of IMPATT diodes de- 
veloped i n  the  program; Sect ion 4 contains discussions on c i r c u i t  development 
on the program as w e l l  as key component development, such as c i r c u l a t o r s  and 
c u r r e n t  regu la to rs ,  and the  re levan t  e l e c t r i c a l  and mechanical drawings. 
Measurement data obtained from funct ional  t e s t s  are presented i n  Sect ion 5. 
Sect ion 6 discusses the o v e r a l l  achievement o f  the program, i m p l i c a t i o n s  of 
1 
the resul ts ,  and assessment of future development needs. All discussions 
w h i c h  are mostly mathematical i n  nature are presented a s  appendices so t h a t  
the presentation i n  the other sections i s  not  obscured. 
references used for the report are l i s t ed  a t  the end o f  the report. 
Finally, a l l  
2. PROGRAM OBJECTIVE 
The o b j e c t i v e  o f  t h i s  program was t o  develop 20 GHz GaAs IMPATT diodes 
supply ing 4.5 W output  power w i t h  20 percent conversion e f f i c i e n c y  and a 
j u n c t i o n  temperature o f  l e s s  than 250°C. This e f f o r t  i nvo l ved  the  design and 
f a b r i c a t i o n  o f  IMPATT diodes w i t h  double d r i f t  read (DDR) doping p r o f i l e s .  
With the  successful development of these diodes, a s ix-d iode combiner 
module capable of 20 W output  power, w i t h  an o v e r a l l  dc-to-RF conversion e f -  
f i c i e n c y  of 17 percent, and 8 dB ga in  over the 19.7 t o  20.2 GHz frequency 
range was t o  be developed. 
3 
3. IMPATT DIODE DEVELOPMENT 
3.1 MATERIAL GROWTH AND CHARACTERIZATION 
The double d r i f t  Read device s t r u c t u r e s  developed a t  TRW f o r  t h i s  pro-  
gram were grown by molecular beam e p i t a x y  (MBE) us ing a Var ian MBE 360 ex- 
c l u s i v e l y  i n  the GaAs IMPATT diode l a y e r  growth. The MBE system (F igure 3- 
l ( a ) )  employs i on  and t i t a n i u m  subl imat ion pumps as w e l l  as l i q u i d  n i t r o g e n  
coo l i ng  shrouds t o  ob ta in  vacuum i n  the low t o r r  range p r i o r  t o  e p i t a x y  
growth. 
choice and number of doping sources. 
the IMPATT diode epi layers;  two s i l i c o n  sources were used f o r  the n-type GaAs 
m a t e r i a l .  
peratures,  one h igh  f o r  n b u f f e r  l a y e r s  and n+ spikes, t he  o the r  l o w  f o r  the 
n - d r i f t  and avalanche regions. 
The system has e i g h t  source furnaces, a l l ow ing  f l e x i b i l i t y  i n  the  
Four doping sources were employed f o r  
This technique a l lows the furnaces t o  be s e t  a t  independent tem- 
+ 
Similarly, two b e r y l l i u m  sources are used f o r  p-type GaAs layers.  The 
source furnace f lange on the Var ian system i s  depicted i n  F igure 3-3(b). 
complete IMPATT p r o f i l e  c o n s i s t i n g  o f  e i g h t  separate l a y e r s  can be grown i n  
one continuous sequence w i t h  t h i s  source con f igu ra t i on .  The step from h igh  
t o  low doping requ i res  o n l y  t h e  simultaneous opening and c l o s i n g  of t he  
source doping shu t te rs .  The shu t te rs  and growth t ime are c o n t r o l l e d  by a 
microprocessor. 
peratures when us ing a l l  f o u r  doping sources. The aluminum source i s  em- 
ployed fo r  the growth of AlGaAs, which i s  used as a stop etch l a y e r  p r i o r  t o  
IMPATT 1 ayer growth. 
The 
I t i s  unnecessary t o  stop the  growth t o  change source tem- 
3.1.1 Ma te r ia l  Preparat ion and Growth 
The substrates used fo r  the MBE growth were nt GaAs s i l i c o n  doped w i t h  
18 n = 2 x 10 
before being mounted on molybdenum blocks w i t h  indium and loaded i n t o  the  
system. 
res idua l  oxides from the surface. 
was used. 
the IMPATT ma te r ia l  descr ibed here. 
grown sequent ia l ly .  
They were c a r e f u l l y  cleaned and the growth surface etched 
The subst rates were heat-cleaned i n  an arsenic  f l u x  t o  remove 
T y p i c a l l y ,  a growth temperature of 575°C 
The IMPATT p r o f i l e  l a y e r s  were then 
An nt b u f f e r  l a y e r  was f i r s t  grown on the subst rate f o r  most o f  
4 
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A. MBE-360 SYSTEM 








6 )  MBE FURNACE ASSIGNMENTS 
Figure 3-1. TRW's MBE system 
The Ga f l u x  was adjusted t o  obtain a 110 A/minute growth rate .  Very 
a b r u p t  changes i n  d o p i n g  profiles can be obtained with this slow growth ra te  
and the f a s t  source shutter times. 
d o p i n g  levels can be on the order of tens of angstroms, a d i s t i nc t  advantage 
of MBE a t  the h i g h  IMPATT operating frequencies. 
3.1.2 Material Characterization 
Transition regions between h i g h  and low 
I 
Numerous techniques employed t o  determine the d o p i n g  prof i le  of the 




N-W P r o f i l i n a .  
Measurement o f  the ne t  e f f e c t i v e  doping p r o f i l e  by  C-V p r o f i l i n g  tech- 
niques i s  an i nva luab le  t o o l  t o  mon i to r  m a t e r i a l  growth from run-to-run. 
Gold dots are deposi ted on the  wafer and mesa e tch  t o  i s o l a t e  t h e  s t ruc tu re .  
The C-V p r o f i l e  i s  then measured and ne t  e f f e c t i v e  doping versus depth N-W i s  
I obtained. These p l o t s  w i l l  be shown i n  the  f o l l o w i n g  sec t ion .  
SIMS P r o f i l e  
Secondary i o n  mass spectroscopy ( S I M S )  has been used t o  measure the  
dopant dens i ty  as a func t ion  of depth, p r o v i d i n g  an independent check of t he  
doping p r o f i l e  and abruptness o f  t he  t r a n s i t i o n s .  
are, un for tunate ly ,  o n l y  accurate w i t h i n  a f a c t o r  o f  2 .  
The concen t ra t i on  l e v e l s  
The IMPATT breakdown vo l tage c h a r a c t e r i s t i c s  can a l s o  be measured on the  
Th is  a l lows mapping o f  the  e l e c t r i c a l  cha rac te . r i s t i cs  of t he  en- t e s t  mesas. 
t i r e  wafer t o  determine u n i f o r m i t y .  
The double d r i f t  Read p r o f i l e  (F igure  3-2) was chosen f o r  t h e  IMPATT 
m a t e r i a l  growth f o r  20 GHz. F o r t y  l a y e r s  have been grown i n  t h e  TRW MBE system. 
Th is  mater ia l  i s  summarized i n  Table 3-1, where t h e  MBE r u n  number r e f e r s  t o  
growth i n  the  Var ian 360 system and the  DKR number r e f e r s  t o  the  p a r t i c u l a r  
l o t  processed f o r  IMPATT diodes. Not a l l  wafers a re  processed, and some may 
be processed on two o r  more l o t s  and rece ive  separate DKR numbers. 
F i v e  design p r o f i l e s ,  descr ibed below, were grown a t  K-band: TRW-A, 
TRW-By TRW-Cy Raytheon, and TRW-HE. Data r e f l e c t i n g  t h e  bes t  performance 
o f  each p a r t i c u l a r  l o t  i s  shown i n  Table 3-1. 
was obtained from l o t  DKR21 o f  t he  TRW-B design. 
power was no t  co r rec ted  f o r  losses i n  the  c i r c u i t .  
19 percent) was obtained from l o t  DKR26 o f  t h e  TRW-6 design; t h i s  value i s  
a l s o  uncorrected f o r  c i r c u i t  e f f i c i e n c y .  
The bes t  power ( P o  = 5.37 W )  
It must be noted t h a t  t h i s  
The bes t  e f f i c i e n c y  ( V =  
The doping p r o f i l e  o f  t h e  TRW design i s  shown i n  F igu re  3-3. The sharp- 
ness o f  the doping reg ion  t r a n s i t i o n  i s  seen i n  t h e  S I M S  p r o f i l e  o f  wafer 
MBE 302 (F igure 3-3) .  
h ighes t  power l o t ,  i s  shown i n  F igu re  3-4. The peak a t  0 .2pm i s  t h e  ne t  
e f f e c t i v e  doping l e v e l  o f  bo th  spikes ( p  and n) ;  however, t h e  p+ sp ike  de- 
p l e t e s  completely be fore  t h e  n+ sp ike  and t h e  p+ d r i f t  r eg ion  are depleted. 
The p - d r i f t  doping l e v e l  i s  p = 1 x 1016 c K 3  as desired. 
The n e t  e f f e c t i v e  doping p r o f i l e  f o r  MBE 227, t h e  
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Figure 3-2. 6aAs double-drift read profile for 20 6th 
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F igu re  3-4. Net e f f e c t i v e  doping p r o f i l e  
f o r  MBE 227 
n = 3 x 
has a device th ickness of w = 1.2pm when t o t a l l y  depleted, which i s  very 
c lose  t o  the  design thickness. 
the l i m i t e d  r e s o l u t i o n  of t he  C-V p r o f i l e s .  
h a l f  of t h i s  wafer (1- inch diameter)  i s  shown i n  F igure 3.5. 
across t h i s  wafer has a sigma of o =  3.4 V. 
c a l  c h a r a c t e r i s t i c s  was one d i f f i c u l t y  i n  the  combiner development. 
3.2 DEVICE PROCESSING AND PACKAGING 
1015 c ~ n ' ~  i s  found f o r  the n - d r i f t  l a y e r  as desired. The s t r u c t u r e  
The rounding o f  the t ransac t i ons  i s  due t o  
The breakdown vol tage map f o r  
This  non -un i fo rm i t y  i n  e l e c t r i -  
The spread 
TRW has an es tab l i shed  GaAs mesa IMPATT diode process which i s  used w i t h  
F igure 3-6 i s  a f low diagram o f  t he  f a b r i c a t i o n  process diamond heatsinking. 
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Figure 3-5. Breakdown voltage map for HBED 227 
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Each e p i t a x i a l  wafer in t roduced i n t o  the IMPATT f a b r i c a t i o n  process i s  
A l l  f a b r i c a t i o n  i n f o r m a t i o n  i s  perman- 
i d e n t i f i e d  w i t h  a process t r a v e l e r  sheet, which a l lows the  wafer t o  be moni- 
t o r e d  a t  any p o i n t  i n  the sequence. 
e n t l y  recorded on the  t r a v e l e r  sheet fo r  l a t e r  reference. P e r t i n e n t  informa- 
t i o n ,  such as n and p+ m e t a l l i z a t i o n s  and diode thicknesses, i s  a l s o  entered 
i n t o  an HP9845 computer f o r  l a t e r  device opt imizat ion.  
+ 
Lapping 
The wafer i s  mounted on the center of the quar tz  p l u g  us ing  r e d  wax. 
The o r i g i n a l  th ickness of t he  mounted wafer i s  measured us ing  a sur face 
c a l i p e r .  The wafer i s  po l i shed  down t o  a th ickness of 4 m i l s  wi th  Br2-MeOH 
(4:250 by volume) s o l u t i o n  us ing  a lapping machine under a hood. The wafer 
i s  then demounted and cleaned, and the f i n a l  wafer th ickness measured w i t h  a 
c a l i p e r  and recorded. Lapping i s  done before any processing i s  performed on 
the wafer t o  ensure wafer th ickness un i fo rm i t y .  
Th inn ing Indexes 
The t h i n n i n g  indexes, unique t o  TRW, a r e  used i n  con junc t i on  wi th  bubble 
e tch ing  t o  a c c u r a t e l y  t h i n  the diode t o  less than a s k i n  depth. 
Waycoat negat ive p h o t o r e s i s t  i s  spun on the  e p i  s i d e  o f  t he  wafer, a i r  
d r i ed ,  and baked a t  95°C f o r  h a l f  an hour. The indexing mask, c o n s i s t i n g  of 
15 m i l  dots, i s  exposed and developed, A f t e r  1 hour of hard bake at. l l O ° C ,  
the index p a t t e r n s  are etched us ing  H3P04/H202/MeOH ( 1 : l : l )  t o  a depth of 10 
t o  15 pm, depending on the diode frequency desired. 
a t  44 GHz.) 
bubble-etch t h i n n i n g ) .  
(The s k i n  depth i s  1 5 p m  
The depth o f  the indexes i s  measured w i t h  a Dektak ( a l s o  see 
P+ Metal 
P+ m e t a l l i z a t  
us ing  Pt/TiW/Pt/Au 
Hand1 e 
on i s  done on the Perk 
(250/800/1000/5000 E). 
n-Elmer 2400 s p u t t e r i n g  system 
A hanble i s  added t o  support t he  w a f e r  a f t e r  t h inn ing .  
sp inn ing t h i c k  negat ive Waycoat pho to res i s t  on a quar tz  o r  sapphire d isk.  
The wafer i s  then mounted on the d i s k  i n  the center  w i t h  the  e p i  s i d e  down 
and baked d r y  a t  95°C fo r  an hour. 
hesion t o  the d i s k  and provides support through the remainder of the pro- 
cessing. 
This  i s  done by  
The pho to res i s t  provides good wafer ad- 
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Bubble Etch Thinning 
The wafer  i s  clamped and dipped i n t o  the s o l u t i o n  f a c i n g  the  bubbler 
us ing a bubble-etch apparatus us ing a s o l u t i o n  of H3P04:H202PMeOH ( 1 : l : l ) .  
r egu la ted  f l o w  o f  n i t r o g e n  i s  in t roduced i n t o  the bubbler.  
A f t e r  e tch ing f o r  10 seconds, the wafer i s  removed and inspected. 
A 
Etch- 
i n g  continues u n t i l  the t h i n n i n g  indexes s t a r t  t o  appear. 
these indexes determine the requ i red  f i n a l  diode thickness. 
ensures uni form t h i n n i n g  t o  the des i red diode height .  
Remember t h a t  




N+ metals c o n s i s t i n g  of 800 A AuGe and 5000 x Au a r e  sput tered us ing a 
Perkin-Elmer 2400 s p u t t e r i n g  system. 
Contact Dots 
Photol i thography i s  used t o  def ine contact  dots. With the wafer s t i l l  
mounted t o  the quar tz  d isk,  i t  i s  spun w i t h  Waycoat negat ive pho to res i s t ,  
a i r - d r i e d ,  and baked a t  95°C f o r  30 minutes. 
posed and developed. 
are etched i n  K I - 1 2  s o l u t i o n .  
A 2-mil  d o t  mask i s  then ex- 
A f t e r  a hard bond a t  110°C fo r  one hour the  go ld  pads 
P ro tec t i on  Dots 
Another l a y e r  of Waycoat negat ive p h o t o r e s i s t  i s  spun on the wafer t o  
p r o t e c t  the contact  dots du r ing  etch ing.  
3-mil contact  dots, exposed, developed, and baked a t  110°C f o r  two hours. 
A 5-mil  do t  mask i s  a l i gned  t o  the  
Mesa Etch 
Mesas are etched us ing  H2S04/H202/H20 ( 7 : Z : l )  so lu t i on ,  which i s  s t i r r e d  
throughout t h i s  step. 
e tch ing.  
The wafer i s  he ld  a t  d i f f e r e n t  angles t o  g e t  uniform 
To prevent  overetching, etched mesas are covered w i t h  b lack wax. 
Remove Handle 
The w a f e r  i s  removed from the quar tz  d i s k  by immersing i n  712-D s t r i p p e r  
I 
heated a t  95°C. 
A1 1 oy 
The wafer  i s  a l l o y e d  f o r  15 seconds a t  450°C i n  H2 atmosphere i n  a 
hydrogen annealing furnace. 
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Separate 
The diodes are placed i n  acetone and separated by us ing  u l t r a s o n i c  
v i b r a t i o n .  
l e n t  contact .  
s idered very re1 i a b l e .  
This i s  a comnonly used contact  t o  n-type GaAs and i s  con- 
The p-contact  m e t a l l i z a t i o n  p r e s e n t l y  used i n  the TRW process i s  Pt-T iW- 
Pt-Au m e t a l l i z a t i o n .  This  has proved t o  be a ve ry  good, r e l i a b l e  contact .  
The con tac t  res i s tance  o f  several  pure metals and a l l o y s  was examined f o r  
t h i s  phase of the program. The contact  res is tance was c a l c u l a t e d  us ing the  
t ransmiss ion 1 i n e  model (TLM) measurement approach of Berger [ 13. Contacts 
a re  evaporated and the pa t te rns  def ined l i t h o g r a p h i c a l l y .  
s p e c i f i c  con tac t  res is tance,  the resistance between con tac t  pads of var ious 
separat ions was measured. 
To determine 
Pt:Au was evaporated on p+ GaAs (p = 1 x 10 l8  
t a c t  res i s tance  o f  the standard process m e t a l 1  i z a t i o n .  
i s t i c  of the as-deposited P t  contact  i s  shown i n  F igu re  3-7(b). 
i s  ohmic and a contact  res i s tance  o f  RC = 4.37 x 
I n  searching f o r  an improvement i n  the ohmic contact ,  an Au:Mn a l l o y  was ex- 
amined, was evaporated, and the p a t t e r n  defined. 
the con tac t  res i s tance  measured. 
Au:Mn con tac t  are shown i n  F igure 3-7(a). The con tac t  res i s tance  was 
RC = 4.5 x 
t o  measure the con- 
The contact  
The I - V  character-  
ohm-cm was obtained. 
This  was then a l l o y e d  and 
2 
The I - V  c h a r a c t e r i s t i c s  of t he  a l l o y e d  
ohm-cm2, which i s  comparable t o  t h a t  of P t .  
S i g n i f i c a n t  progress was then made i n  r e a l i z i n g  a low res i s tance  ohmic 
p+ con tac t  m e t a l l i z a t i o n .  
pared i n  an e l e c t r o n  beam evaporat ion system [2]. 
An a l l o y  o f  4 percent by  weight Mg i n  Au was pre- 
A t e s t  p a t t e r n  c o n s i s t i n g  
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A) ALLOYED AuMn 
6) AS-DEPOSITED P t  
Figure 3-7. Comparison Of pt contact metallization 
I - V  characteristics 
I 
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o f  p a i r s  o f  rec tangu la r  contact  pads having d i f f e r e n t  separat ions was de f i ned  
by pho to l i t hog raphy  on p+ e p i l a y e r  (p  = 1 x 10l8 cm'3 and 0.25 p m  t h i c k )  
which was grown on a semi- insu lat ing substrate (MBE 241) s p e c i f i c a l l y  f o r  
t h i s  i n v e s t i g a t i o n .  The metal1 i z a t i o n  system consis ted of an Au-Mg:Au-Au 
"sandwich" s t r u c t u r e  (50 A : 500 A : 800 A ) .  
convent ional  p h o t o r e s i s t  " l i f t o f f "  techniques. The sample was a l l o y e d  a t  
360°C f o r  30 seconds i n  a hydrogen atmosphere t o  form the  ohmic contact .  
I - V  t r a c e  i s  shown i n  F igure 3-8(a). 
separat ion i s  shown i n  F igure 3-8(b). 
from these measurements t o  be RC = 3.99 x 
The pr imary advantage of t he  Au:Mg a l loyed con tac t  i s  t h a t  i t  has a con- 
t a c t  res i s tance  as low as gold-zinc,  b u t  the d i f f u s i v i t y  o f  magnesium i n  GaAs 
i s  two orders of magnitude lower than zinc i n  GaAs. 
a b i l i t y  o f  t he  Au:Mg con tac t  i s  expected t o  be super io r  t o  the Au:Zn contact .  
The d i f f u s i o n  c o e f f i c i e n t s  of several  elements are g iven Sn Table 3-2. 
lower con tac t  res i s tance  i s  expected t o  s i g n i f i c a n t l y  lower s e r i e s  res i s tance  
and improve the conversion e f f i c i e n c y  o f  the devices. 
MBE 195 t o  demonstrate t h i s  advantage. 
t h i s  t i m e .  
0 0 0 
The t e s t  p a t t e r n  was de f i ned  by 
The 
The p l o t  of gap res i s tance  versus gap 
The con tac t  res i s tance  was c a l c u l a t e d  
2 ohm-cm . 
As a r e s u l t ,  the r e l i -  
The 
We have reprocessed 
This l o t  has n o t  been packaged a t  
TRW has developed a diamond heatsink GaAs IMPATT diode packaging pro-  
A f lowchar t  of t h i s  packaging process i s  shown i n  F igu re  3-9, and cess. 
photographs of the package p a r t s  are shown i n  F igure 3-10. 
sc r i bed  i n  d e t a i l  below. Exce l l en t  thermal res i s tance  measurements have been 
obta ined f o r  GaAs IMPATTs us ing t h i s  process. Since the  diode package i s  a 
c i r c u i t  element which i s  extremely c r i t i c a l  f o r  device-to-circui t - impedance 
matching, t he  package p a r a s i t i c s  must be c a r e f u l l y  t a i l o r e d  and c o n t r o l l e d  
fo r  ope ra t i on  a t  m i l l i m e t e r  wave frequencies. Optimum package p a r a s i t i c s ,  
minimum thermal res is tance,  and minimum RF l o s s  a r e  essen t ia l ,  and d i c t a t e  
the choice o f  package c o n f i g u r a t i o n s  f o r  t h i s  program. 
f o r  t h i s  program used a r i n g  package which y i e l d s  c o n s i s t e n t l y  good r e s u l t s  
a t  t h i s  frequency. 
and e a s i l y  reproducib le .  
Package Components 
The process o f  op t im iz ing  package p a r a s i t i c s  was accomplished by  us ing  a 
Each step i s  de- 
The diodes f a b r i c a t e d  
It i s  a l s o  mechanical ly stable,  h e r m e t i c a l l y  sealable,  
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Figure 3-8. AuMg contact metallization on p+ GaAs 
3-8. AuMg contact metalira'tion on p+ GaAs 
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Table  3-2. D i f f u s i o n  p r o p e r t i e s  o f  
var ious elements i n  GaAs 
CONTACT OUARTZ , 
DIODES 
RING BONDING 4 MOUNTING r 
~~ ~- 
ELEMENT DO AE 
M9 2.6 x +2.7 
Zn 0.15 +2.99 
Mn 0.65 +2.49 
Au 1 +1.0 
A E I k T  D = DOC 
Do = DIFFUSION CONSTANT 
AE = A C T I V A T I O N  ENERGY 
TESTING 
CAP TRIM -+I CAWING 
HEATS INKS i




Figure  3-9. 
SOLDER PREFOfW rri 
Schematic o f  IMPATT diode packaging process 
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(A) LARGE CERAMIC 
(B) SMALL CERAMIC 
(C) THICK QUARTZ 
(Dl THIN QUARTZ 
SEM PHOTO OF CERAMIC AND QUARTZ RINGS 
A) FULL RIBBON 
Figure 3-10. Photographs of ring and ribbon package parts 
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Two m a t e r i a l s  were used fo r  the  r i ngs :  quar tz  and ceramic. The dimen- 
s ions and p a r a s i t i c  capacitance of t he  var ious r i n g s  qre l i s t e d  i n  Table 3-3. 
Each r i n g  s t r u c t u r e  of fers  a d i f f e r e n t  p a r a s i t i c  capaci tance f o r  impedance 
matching the  diode t o  the c i r c u i t .  The top and bottom are  m e t a l l i z e d  w i t h  
300 Cr/10,000 Au us ing  spu t te r  deposi t ion.  An u l t r a s o n i c  g r i nde r  and 
specia l  t o o l i n g  are used t o  c u t  the r i n g s  from the s tock ma te r ia l .  




QUARTZ RING - THICK WALL 







C R O S S  RIBBON 
TRIPLE RIBBON 
51 X 34 X 15 
35 x 2e x 7 
DIMENSION 
(OD X ID X H MILS) Cp(Pc) 
(OD X ID X H MILS) 





15 X 4 X 0 .5  
30 x e x 0.5 
2 (30 x e x 0.5) 
3 (32 X r )  X 0.5) 
A l l  r ibbons  are fab r i ca ted  a t  TRW using photo1 i t hog raph ic  and e l e c t r o -  
forming techniques, ensur ing un i fo rm length  and th ickness f o r  reproduc ib le  
package inductance. The s ing le  r ibbons are 100bm wide, 7.5pm t h i c k ,  and 
0.76pm long. 
the  diode. 
the  quar tz  r i ngs .  
t he  top  of t he  quar tz  r i n g .  
They are necked t o  50pm w i d e  i n  the  middle where they  bond t o  
Th is  taper  a l s o  helps achieve cons is ten t  bond loops t o  the  top  o f  
The r ibbon preform i s  bonded t o  the  top  o f  the  diode and 
Package Assembl y 
Hea t s i  n k i  na 
Type I I A  diamond heats ink ing  i s  used f o r  t h e  20 GHz IMPATTs. The 
diamonds are  0.76 x 0.76 square and 0.025 cm high. 
300 A Cr/5000 A Au and hot-pressed i n t o  a go ld p l a t e d  copper s tud  (0.15 cm 
diameter and 0.064 cm h igh )  
They are m e t a l l i z e d  w i t h  
0 0 
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Thennocompress i o n  Bondi n9 
The GaAs IMPATT diodes are thermocompression bonded t o  the heatsink.  
Since the diode and diamond surfaces are both m e t a l l i z e d  w i t h  gold, a gold- 
to-go1 d bond i s  formed. 
The weight requ i red  f o r  bonding was determined exper imenta l ly .  For 
bonding weights l e s s  than 160 grams, the diodes came o f f  the heats inks du r ing  
u l t r a s o n i c  v i b r a t i o n .  
diodes were  cracked. 
was determined. 
was used. 
For weights g rea te r  than 160 grams, the  GaAs IMPATT 
Therefore, an optimum TC bonding weight o f  160 grams 
The temperature was 280OC and a bonding t ime of 2 minutes 
Ring Solder ing 
An Au/Sn so lder  preform i s  used t o  bond the  r i n g  t o  the heatsink.  
so lde r ing  operat ions are done i n  the package so lde r ing  s t a t i o n .  
j a r  system a l lows m e l t i n g  o f  the preform i n  a forming gas (10 percent H2 i n  
N2) environment. 
w e t t i n g  would occur. 
A l l  
Th is  b e l l  
Otherwise, the Au/Sn preform w i l l  o x i d i z e  and incomplete 
The diodes t o  be packaged are placed i n  a so lde r ing  f i x t u r e  i n  which up 
t o  42 diodes can be soldered a t  one t ime. The system i s  f i r s t  evacuated and 
then b a c k f i l l e d  w i t h  n i t rogen  t o  purge it. The n i t r o g e n  i s  then evacuated 
and the b e l l  j a r  f i l l e d  w i t h  forming gas, a l l o w i n g  complete w e t t i n g  of t he  
so lder  preform on m e l t i n g  and p r o v i d i n g  an e x c e l l e n t  package seal .  
Heating the diode under a p a r t i a l  vacuum (du r ing  t h e  package s o l d e r i n g  
The h igh temperature a c t i v a t e s  any c0ntaminant.s and e t c h i n g  
process) i s  a l s o  an important step t o  achieve h igh  diode r e l i a b i l i t y  and r e -  
p r o d u c i b i l i t y .  
res idue i n  the package. The p a r t i a l  vacuum enhances the  evacuat.ion of these 
contaminants. E s s e n t i a l l y ,  t h i s  method prov ides f i n a l  c leaning o f  t he  pack- 
age before seal ing,  and cond i t i ons  the mesa sur face f o r  reduced surface 
leakage current,  which i s  known t o  reduce diode re1 i a b i l  i ty .  
Ribbon Bonding 
Bias contact  t o  the diode i s  made w i t h  the  p r e v i o u s l y  descr ibed preform 
go ld  r ibbons which have been used a t  TRW f o r  t he  pas t  s i x  years. 
a re  bonded t o  the diode and the  top  of t h e  quar t z  r i n g .  
wedge bonders are used f o r  r i bbon  bonding. 
The r ibbons 
S p e c i a l l y  adapted KS 
The contact  weight on the GaAs 
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diode i s  ad jus tab le  and s e t  t o  100 grams t o  prevent crack ing o f  t he  diode 
du r ing  t h i s  operat ion.  
. 
ELECTRICAL 
MEASUREMENTS ' b DIODE CACK AC I NG 
Capacitance T r i m  E t c h i n g  
The f i n a l  diode capacitance requ i red  f o r  impedance matching t o  the  c i r -  
c u i t  i s  achieved by chemical ly  t r i m  etching the  diode t o  the des i red  area. 
us ing  a 1:l:l s o l u t i o n  of H3P04/MeOH/H202. Both capacitance and e l e c t r i c a l  
parameters a re  measured on the probe s ta t i on .  The f i n a l  capacitance i s  r e -  
corded f o r  l a t e r  data ana lys i s .  
THERMAL RF ' TESTING RESISTANCE 
Capping 
A hermetic seal i s  obtained by  so lder ing a go ld-p la ted Kovar (Ni/Fe a l -  
l o y )  cap t o  the top of the quar tz  r i n g .  The cap i s  marked t o  i n d i c a t e  the  
o r i e n t a t i o n  of the r i bbon  w i t h  respect t o  the heats ink t o  f a c i l i t a t e  un i fo rm 
mounting o f  the diode i n t o  the RF c a v i t y .  An Au/Sn so lde r  preform i s  again 
used i n  the package so lde r ing  s t a t i o n .  
DC Eva lua t i on  
The dc eva lua t i on  step i s  used t o  prescreen the packaged IMPATT diodes 
before RF eva lua t i on .  
3-11. This  step, which i s  essen t ia l  f o r  screening ou t  diodes which e x h i b i t  
undesi rab le c h a r a c t e r i s t i c s ,  saves t ime and l a b o r  by e l i m i n a t i n g  RF t e s t i n g  
of bad diodes, and i s  a l s o  impor tant  f o r  accumulating data f o r  l a t e r  device 
o p t i m i z a t i o n .  
A f l owchar t  o f  t h i s  eva lua t i on  i s  shown i n  F igure 







F i  gur 3-11. DC evaluat ion f l o w c h a r t  
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E l e c t r i c a l  Measurements 
A f t e r  the IMPATT ch ips  are mounted i n  packages, the device I - V  charac- 
t e r i s t i c s  are examined on a curve t r a c e r .  Reverse leakage current ,  breakdown 
voltage, forward conduction c u r r e n t  , and vo l tage  a re  determined. From these, 
any undesirable breakdown c h a r a c t e r i s t i c s ,  such as microplasmas, w i l l  be 
i d e n t i f i e d .  The measured breakdown vol tage i s  compared w i t h  t h e o r e t i c a l  c a l -  
c u l a t i o n s  t o  determine premature breakdown. 
t o  determine if the j u n c t i o n  surface has been contaminated d u r i n g  the i n -  
package etching process. 
d i r e c t i o n  i s  measured t o  determine the  se r ies  res i s tance  o f  the s t r u c t u r e .  
The leakage c u r r e n t  i s  measured 
The slope of the I - V  c h a r a c t e r i s t i c  i n  the  forward 
Junct ion capacitance i s  measured us ing  standard b r i d g e  techniques a t  
1 MHz on completed devices. This  in format ion i s  used t o  o b t a i n  accurate area 
c o n t r o l  dur ing in-package etch ing.  
c i  tance ( CB) w i  11 be measured. 
Both zero b i a s  (C,) and breakdown capa- 
Thermal Resistance 
The reverse pulse technique was used t o  measure the CW thermal re -  
s is tance of the GaAs IMPATT diodes. This  thermal eva lua t i on  method neces- 
s i t a t e s  performing basel ine oven measurements t o  moni tor  a temperature sensi-  
t i v e  parameter, the 1 mA breakdown vol tage i s  u s u a l l y  selected. 
mat ion takes the form shown i n  F igu re  3-12. 
measurement a pu lse measurement i s  made. 
i n t o  reverse breakdown f o r  a s i g n i f i c a n t  p e r i o d  o f  t ime t o  a l l o w  opera t i on  a t  
a s p e c i f i c  current  l e v e l  and then r a p i d l y  sw i t ch ing  the device back t o  i t s  
now increased 1 mA breakdown vol tage l e v e l  and n o t i n g  the  change t h a t  has 
occurred as a r e s u l t  o f  i n t e r n a l  hea t ing  o f  t he  diode. A t y p i c a l  pu lse i s  
shown i n  Figure 3-13. 
This  i n f o r -  
On complet ion of t he  oven 
This  i nvo l ves  sw i t ch ing  the  diode 
It should be noted from Figure 3-13 t h a t  Vb (1 mA), i.e., t h e  breakdown 
vol tage a t  a c u r r e n t  l e v e l  o f  1 mA, decays r a p i d l y  due t o  cool ing,  t h e r e f o r e  
imposing ra the r  f a s t  sw i t ch ing  i n  order  t o  observe Vb (1 mA) before any coo l -  
i n g  can take place. The s h i f t  i n  breakdown vol tage as a r e s u l t  of i n t e r n a l  
heat ing i s  then c o r r e l a t e d  wi th  the  base l i ne  oven measurement and heat f low 
res i s tance  i s  determined. 
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Figure 3-12. Baseline oven measurement data of V b ( l  mA) vs. temperature 
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Figure 3-13. Typical reverse pulse used 
in thermal measurements 
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Table 3-4. Recent thermal res i s tance  data 
KR46Dtl 
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3.3  CIRCUIT DESIGN AND RF EVALUATION 
An approp r ia te l y  designed c a v i t y  i s  essen t ia l  t o  o b t a i n  maximum diode 
power output. 
GaAs IMPATT devices: 
1) A beveled top-hat f u l l - h e i g h t  waveguide c i r c u i t  developed a t  Cornel1 
U n i v e r s i t y  
2 )  A reduced height ,  reduced w id th  waveguide c i r c u i t  o r i g i n a l l y  
developed by Varian, Inc.  
3) A reduced-height waveguide c i r c u i t  designed by TRW. 
Three c i r c u i t s  were i n v e s t i g a t e d  f o r  the  eva lua t i on  o f  the  
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Top Hat C i r c u i t  
A top ha t  c i r c u i t  as shown i n  Figure 3-14 was inves t i ga ted .  This  c i r -  
c u i t  i s  d i s t i n g u i s h e d  by  several features which d i f f e r  from those of t he  r e -  
duced h e i g h t  c a v i t i e s .  F i r s t ,  the waveguide remains a t  f u l l  h e i g h t  
throughout the l eng th  o f  the c i r c u i t ,  i nc lud ing  the  p o i n t  a t  which the  diode 
s i t s .  There i s  no stepped output  transformer t o  decrease the c h a r a c t e r i s t i c  
impedance i n  the waveguide sect ion.  
Instead, the diode i s  mounted i n  the  center o f  the f l o o r  o f  t h e  waveguide 
(broadwal l )  w i t h  the diode s i t t i n g  f l ush  wi th  the  waveguide surface. I n  t h i s  
type of c i r c u i t ,  the impedance transformat ion takes p lace s o l e l y  through the  
b i a s  p in ,  which, u n l i k e  t h a t  i n  the reduced h e i g h t  c i r c u i t ,  i s  q u i t e  broad i n  
the middle o f  t he  waveguide and beveled down t o  a p o i n t  a t  which i t  makes 
contact  w i t h  the diode. The impedance t ransformat ion takes p lace  through 
t h i s  bevel ,  i nc reas ing  as the diameter gets l a r g e r .  The angle o f  t he  b i a s  
p i n  top-hat  bevel next t o  the diode i s  thus c r i t i c a l  i n  determining the per-  
formance o f  the diode i n  the c a v i t y .  
the t o p  h a t  i t s e l f ,  t he  diameter of t he  hat i s  c r i t i c a l  i n  determining the  
frequency of o s c i l l a t i o n .  
Second, the re  i s  no coax ia l  w e l l .  
Because s e r i e s  resonance i s  achieved i n  
h l 4  CHOKE / 
SLID1 NG 
FULL HElCHf 
W AV EC UI DE 
BEVELED TOP HAT 
L J U  
DIODE \ 
HEATS1 NK 
Figure 3-14. Top hat  waveguide c i r c u i t  
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A unique mechanical feature o f  t h i s  c i r c u i t  i s  the t u n a b i l i t y  o f  the h / 4  
choke i n  the b i a s  p in .  
the b a r r e l s  which make up the l o w  impedance sect ions of t he  choke on the p i n  
are tunable along the a x i s  o f  the p in .  The t u n a b i l i t y  of t h i s  choke a ids i n  
peaking the a v a i l a b l e  power output.  
The b i a s  p i n  above t h e  top  hat i s  threaded so t h a t  
Unfortunately,  the r e s u l t s  achieved us ing  the top-hat c i r c u i t  were d i s -  
couraging. The diodes placed i n  t h i s  c i r c u i t  f o r  o s c i l l a t i o n  su f fe red  an ex- 
t remely  high f a i l u r e  r a t e  a t  low b i a s  l e v e l s .  When the diodes placed i n  t h i s  
c i r c u i t  d i d  o s c i l l a t e  and were tuned t o  peak performance, the r e s u l t s  were 
c o n s i s t e n t l y  l e s s  than those achieved wi th the same diode i n  a reduced h e i g h t  
c i r c u i t .  
both the  reduced-height and top-hat c i r c u i t s .  Because many diodes were being 
l o s t  i n  t h i s  c i r c u i t ,  i t  was decided t o  conduct some comparison t e s t i n g  us ing  
the Var ian s i n g l e - d r i f t  GaAs IMPATT diodes from the o r i g i n a l  a m p l i f i e r  pro- 
gram. By using these diodes t o  compare the c i r c u i t s ,  t h e  b e t t e r  TRW diodes 
manufactured f o r  t h i s  program would n o t  r i s k  f a i l u r e  and could be saved f o r  
t un ing  t o  maximum power output.  
l i s t e d  i n  Table 3-5. 
Table 3-5 shows a comparison of performance w i t h  t h e  same diode i n  
Some o f  the Var ian diode r e s u l t s  a re  a l s o  
REDUCED HEIGHT C I R C U I T  
POWER EFFICIENCY 
DIODE ( W 1  ( $1 
Table 3-5. Top hat c i r c u i t  performance comparison 
TOP H A T  C I R C U I T  
POWER EFFlC I ENCY 
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E 1 172- 1 















The suspected causes f o r  the lower power achieved and the  g rea tes t  prob- 
lems encountered w i th  t h i s  c i r c u i t  were mechanical. 
the c o n c e n t r i c i t y  of al ignment o f  the b i a s  p i n .  Because the  waveguide sec t i on  
o f  t he  c a v i t y  where the b i a s  p i n  passes through i s  f u l l  WR-42 height,  t he re  
i s  a l a r g e r  degree o f  freedom f o r  l a t e r a l  movement a t  t he  p o i n t  a t  which t h e  
One problem concerned 
28 
b i a s  p i n  makes con tac t  w i t h  the diode. 
i n g  these i n t r i c a t e  p a r t s  could no t  ensure t h a t  the p i n  aiways made con tac t  
a t  i t s  centered p o s i t i o n .  Another problem, and probably the g rea tes t  cause 
fo r  the' lower power, was the ext remely c r i t i c a l  s e n s i t i v i t y  o f  t he  diode t o  
the angle of bevel and dimensions of the top hat.  
bevel angle had a demonstrable e f fec t  on power output.  Once machined, t h i s  
angle i s  f i xed  and n o t  tunable w h i l e  the diode i s  o s c i l l a t i n g  i n  the  c a v i t y .  
This s e n s i t i v i t y  i s  t o  be expected because i t  i s  t h i s  angle t h a t  determines 
the impedance match between the diode and the  c i r c u i t .  
s e n s i t i v i t y  was found fo r  the frequency w i th  r e l a t i o n  t o  the top-hat 
diameter . 
Unfortunately,  even p r e c i s i o n  machin- 
A 7-degree versus 9-degree 
The same degree o f  
Other problems w i t h  the top-hat c i r c u i t  inc luded the tunable choke i n  
the b i a s  l i n e  and the heats ink s t ruc tu re ,  The choke i n  the  b i a s  l i n e  was 
designed t o  be tunable along the a x i s  o f  the b i a s  p in ;  t h i s  t u n i n g  was 
c r i t i c a l  t o  achiev ing maximum power output. However, t h i s  choke was tuned 
e x t e r n a l l y  by  tun ing  the b ias  pin, and there was no way of measuring i t s  
exact p o s i t i o n  w h i l e  tun ing  it. 
d i f f i c u l t  t o  achieve unless the choke was l e f t  i n  the same f i x e d  p o s i t i o n .  
The f i n a l  d i f f i c u l t y  was the heats ink s t ruc tu re  i n  which the diode was 
mounted; t he  s t r u c t u r e  was the rma l l y  exce l l en t  b u t  ve ry  d i f f i c u l t  t o  work 
w i t h  mechanical ly.  Each t ime a new diode was t o  be p u t  i n t o  the c a v i t y ,  t he  
ted ious process o f  disassembl i n g  and c a r e f u l l y  reassembling t h e  c i r c u i t  was ' 
i nvol  ved. 
Repeating power output  performance was thus 
Reduced Height/Reduced width C i r c u i t  
Another c i r c u i t  used i n  the p re l im ina ry  stages o f  diode eva lua t i on  i n  
t h i s  program was the reduced height/reduced w id th  waveguide c a v i t y  shown i n  
F igure 3-15. This  c i r c u i t  i s  fundamental ly the same as the reduced h e i g h t  
c i r c u i t  t h a t  was e v e n t u a l l y  used t o  achieve maximum power output.  
s i g n i f i c a n t  di f ferences are:  1) the output transformer, which i s  one Step 
i ns tead  o f  two; 2)  reduced width i n  add i t i on  t o  reduced height ;  and 3) the 
coax ia l  we l l ,  which i s  implemented w i t h  enclosed c y l i n d r i c a l  spaces i ns tead  
of t ransformer shims. A comparison o f  the r e s u l t s  achieved us ing  t h i s  c i r -  
c u i t  versus the c u r r e n t  c i r c u i t  i s  shown i n  Table 3-6. I t  was found t h a t  t he  
transformer shims i n  the newer c a v i t y  provided a much b e t t e r  impedance match 




Figure 3-15. Reduced h e i g h t  waveguide cavity 
Table 3-6. Reduced height c i r cu i t s  
DIODE 
DKR 3A- 2 
D K R 3A- 4 
DKR3B-1 
DKR3B-4 
REDUCED HEIGHT C I R C U I T  
POWER EFFICIENCY 
(W) ( % I  










t .ha t  the power levels reported i n  Table 3-6 are  quite low because th i s  
was only used i n  the i n i t i a l  stages of the program before the bet ter  d 
were produced. 
EFFICIENCY 




2 . 2  
cavi ty  
odes 
The principal l imitation of this  reduced height/reduced w i d t h  cavity was 
the concentricity o f  alignment of the b i a s  p i n  w i t h i n  the transformer 
spacers. Unless the spacers were perfect ly  concentric around the bias p i n ,  
the very tight. f i t  o f  the p i n  inside the spacers t h a t .  was needed could not be 
achieved. To present. to  the diode a coaxial impedance on the order of 1 ohm, 
the spacers t h a t  were needed could n o t  be achieved mechanically; therefore, 
t h i s  cavity was abandoned for  the TRW reduced height cavity.  
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Reduced Height  C i r c u i t  
The c i r c u i t  which gave the  g rea tes t  performance i n  the  RF eva lua t i on  of 
the 20-GHz GaAs diodes i s  t he  reduced height waveguide c i r c u i t  shown i n  F ig -  
u re  3-16. The most impor tant  f a c t o r  af fect ing the diode ou tpu t  power i s  t he  
impedance match between the  diode and the c i r c u i t .  
developed on t h i s  program are ve ry  low impedance devices (on the  order  of 
1 ohm), the c i r c u i t  must present a compatibly low impedance t o  achieve the 
best match poss ib le .  
transform t h i s  low impedance t o  the  very high impedance (350 t o  450 ohms) o f  
the f u l l - h e i g h t  waveguide output. 
center  o f  the f l o o r  of the waveguide a t  the bottom of a coax ia l  we l l .  
impedance transform i s  performed over t w o  sect ions.  
pedance (-0.8 ohms) i s  presented t o  t h e  diode i n  the  coax ia l  sect ion.  To 
achieve t h i s  low impedance the center  conductor was enlarged t o  a diameter 
j u s t  s l i g h t l y  smal ler  than t h a t  which would produce h ighe r  order  modes o f  os- 
c i l l a t i o n  i n  the coax ia l  w e l l .  
conductor, a ided by a ve ry  t h i n  d i e l e c t r i c  i n s u l a t o r  (tl m i l ) ,  a l lows t h i s  
low impedance. 
the use of t he  t ransformer shims. 
shims, the impedance g r a d u a l l y  r i s e s  away from the diode. 
dance transform occurs i n  the  waveguide output s e c t i o n  a f t e r  the coax ia l - t o -  
waveguide t r a n s i t i o n .  This  impedance transformat ion i s  made up o f  1/4X 
waveguide sec t i ons  stepped up i n  h e i g h t  t o  t he  WR-42 f u l l - h e i g h t  waveguide. 
Since the value o f  the c h a r a c t e r i s t i c  impedance 2, i s  p r o p o r t i o n a l  t o  the 
~ s ~ e g u i d e  h e i g h t  b, t h i s  1/4X transformer g r a d u a l l y  increases the  impedance 
according t o  the he igh t  o f  the waveguide sect ion.  The bandwidth f o r  t h i s  
transformer was found t o  be s u f f i c i e n t l y  greater  than 4 GHz us ing  o n l y  two 
Because t h e  IMPATT diodes 
The c i r c u i t  must therefore be designed so t h a t  i t  can 
The diode i n  the  c i r c u i t  i s  l oca ted  i n  the 
F i r s t ,  a low coaxia l  i m -  
The 
An extremely t i g h t  f i t  o f  the i nne r - to -ou te r  
The f i r s t  impedance transform occurs i n  the  coax ia l  w e l l  w i t h  
With enlarged holes i n  the  t ransformer 
The second impe- 
I 
I 
I s teps as shown i n  F igure 3-16. 
A lowpass f i l t e r ,  l oca ted  i n  the bias l i n e  above the  top  w a l l  of the 
waveguide, was added t o  the c i r c u i t  t o  increase the  performance. 
serves the f u n c t i o n s  o f  p r o v i d i n g  dc i s o l a t i o n  f o r  t he  b i a s  l i n e ,  p r o v i d i n g  
the proper harmonic t e r m i n a t i n g  impedance, and, most important,  e s t a b l i s h i n g  
an a d d i t i o n a l  t u n i n g  element requ i red  t o  s t a b i l i z e  the  diode a t  i t s  operat ing 
frequency. 












P the development of h igh ower 20 GHz GaAs IMPATT diodes on t h i s  pro- 
gram progressed, the l i m i t i n g  f a c t o r  t o  b e t t e r  performance was i d e n t i f i e d  as 
premature output  power sa tu ra t i on .  
crease i n  power output  w i t h  an increase i n  b i a s  d r i v e  a f t e r  a s u f f i c i e n t l y  
h igh  b ias  has been achieved. This r e s u l t  i s  caused by  o s c i l l a t i o n s  on the  
b i a s  l i n e  o r  subharmonic o s c i l l a t i o n s  i n  the c i r c u i t  producing power a t  un- 
d e s i r a b l e  frequencies, thus s a c r i f i c i n g  power output  a t  t he  fundamental. 
an e f f o r t  t o  reduce the e f f e c t s  o f  t h i s  phenomenon, we f i r s t  attempted t o  
d im in i sh  b ias  o s c i l l a t i o n  by us ing B racke t t ' s  method [3]. 
was p u t  i n t o  t h e  b ias  l i n e ,  b u t  no change was observed i n  t h e  power s a t u r -  
a t i o n .  
i n  the  c i r c u i t .  
frequency, a r a d i a l  f i l t e r  was implemented i n  the coax ia l  w e l l  o f  the b i a s  
l i n e  beneath the f l o o r  o f  the waveguide. Un l i ke  our at tempt a t  us ing  
B r a c k e t t ' s  method, t h i s  f i l t e r  was placed as c lose  as poss ib le  t o  the  diode 
t o  stem the bu i l d -up  o f  subharmonic o s c i l l a t i o n s  c lose  t o  the diode plane. 
With the f i l t e r  implemented, the diode bias cou ld  be d r i v e n  h ighe r  and power 
output  increased as much as 2 dB before power s a t u r a t i o n  occurred. 
This phenomenon mani fests  i t s e l f  as a de- 
In 
A dc pass, rf choke 
We then focused on addressing the problem o f  subharmonic o s c i l l a t i o n s  
I n  an e f f o r t  t o  prevent  o s c i l l a t i o n s  a t  t h e  f i r s t  subharmonic 
S i  1 v e r  P l  a t i n p  
An i n v e s t i g a t i o n  was conducted e a r l y  i n  the program on the  dependence of 
c i r c u i t  performance on the c o n d u c t i v i t y  o f  t h e  m a t e r i a l  used i n  the  c i r c u i t .  
The m a t e r i a l  used f o r  the b ias  p in ,  transformer shims, and c a v i t y  housing 
fo r  t he  reduced he igh t  c i r c u i t  was gold-plated h a l f  hard brass. Because i t  
i s  suspected t h a t  most o f  t he  l o s s  incurred i n  the c i r c u i t  occurs ve ry  c lose  
t o  the  diode, an at tempt was made a t  minimizing t h i s  i o s s  by us ing  materials 
w i t h  ve ry  low e l e c t r i c a l  res is tance.  S p e c i f i c a l l y ,  s i l v e r  p l a t i n g  was ap- 
p l i e d  t o  the t ransformer shims and b i a s  pins i n  the  reduced h e i g h t  c a v i t y  and 
the o s c i l l a t o r  performance was compared against  t h a t  w i t h  pure brass and go ld  
p l a t e d  p a r t s .  The res i s tance  o f  s i l v e r  compared w i t h  t h a t  of go ld  i s :  
E l e c t r i c a l  Resistance 
(CLQ cm) 
Go1 d 2.19 
Si 1 ver  1.59 
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The r e s u l t s  of the comparison, l i s t e d  i n  Table 3-7, overwhelmingly i n d i -  
cate t h a t  using e i t h e r  go ld  o r  s i l v e r  has ve ry  l i t t l e  e f f e c t  on the p e r f o r -  
mance of t h e  c i r c u i t .  The conclus ion drawn was t h a t  the m a t e r i a l  used had 
f a r  l e s s  of an e f f e c t  on the c i r c u i t  performance than d i d  the dimensions de- 
termin ing the impedance o f  the c i r c u i t .  
l i s t e d  f o r  the s i l v e r  p a r t s  a re  e i t h e r  i d e n t i c a l  t o  o r  lower than the  p e r f o r -  
mance of the c i r c u i t  us ing  the g o l d  p a r t s  because the  diode was tuned t o  peak 
power using the gold shims wi th  an optimum c i r c u i t  con f i gu ra t i on .  The s i l v e r  
p l a t e d  par ts  were made on i d e n t i c a l  s i z e  pa r t s ;  however, the s i z e  changed 
s l i g h t l y  because i t  i s  ve ry  d i f f i c u l t  t o  c o n t r o l  t h e  th ickness o f  s i l v e r  
p l a t i n g .  
the s l i g h t  d i f ference i n  the shim and p i n  dimensions. 
Note on Table 3-7 t h a t  most values 









Table 3-7. S i l v e r  p a r t s  comparison 
SILVER P I N  AND SHIM 
POWER E FFI C I E NCY 







DKR 19B- 6 
DKR 198-6 
E 1 1 12- 20 
E l  112-21 
E1112-31 
GOLD P I N  
POWER 






RF Evaluat ion Resul ts 
The RF t e s t  setup used f o r  eva lua t i ng  the  20 Ghz IMPATT diodes i s  shown 
i n  F igu re  3-17. 
which i s  then r i g i d l y  f i x e d  t o  the 90-degree waveguide t w i s t  a t  t he  f r o n t  end 
of the waveguide t e s t  setup. 
spectrum analyzer f o r  mon i to r i ng  the  frequency response o f  the o s c i l l a t o r  
output,  and a v a r i a b l e  a t tenua to r  and power meter f o r  making p r e c i s i o n  o s c i l -  
l a t o r  power output  measurements. The h igh  power l o a d  absorbs most of t he  
power output t o  prevent damaging the  more s e n s i t i v e  measurement equipment 
w i t h  lower power r a t i n g s .  
the i n p u t  a t  the 90-degree t w i s t  through and i n c l u d i n g  the the rm is to r  mount, 
ranges from 11.64 t o  12.52 dB across the frequency range o f  18 t o  22 GHz. 
The IMPATT diode i s  mounted i n s i d e  the  o s c i l l a t o r  c a v i t y  
The setup con ta ins  a frequency meter and 









FR EO UEN C Y 
METER 
HIGH COWER LOAD COUPLER 
OSCILLATOR 
CAVITY 
F igu re  3-17. Test setup f o r  20 6Hz GaAs double 
d r i f t  diodes 
The repo r ted  power outputs a re  those recorded a t  t he  waveguide flange. 
The The best  r e s u l t s  f o r  power and e f f i c i e n c y  are summarized i n  Table 3-8. 
program goals and r e s u l t s  achieved are summarized below. 
Performance 
Goa 1 Ach i eved 
Output power ( W  CW) 4.5 5.37 .! 
Center frequency (GHz) 19.7 t o  20.2 18.2 
Conversion e f f i c i e n c y  (%) 20 15.5 
Junc t i on  temperature ( "C)  250 - 300 
I t  should be noted t h a t  the diode output power f i g u r e s  quoted i n  the 
t e s t  data i n  Table 3-8 were obtained w i t h  the t e s t  c i r c u i t  o p t i m a l l y  matched 
t o  the diode a t  one s i n g l e  frequency. For a wideband operat ion,  such as t h e  
case of the a m p l i f i e r ,  t he  diode output  c a p a b i l i t y  must be degraded. 
r e s u l t s  from the  f a c t  t h a t  the power-bandwidth product o f  a s i n g l e  diode 
stage i s  i n v a r i a n t .  
must be comparat ive ly  narrow. 
the  ou tpu t  power must be lowered. 
This 
That i s ,  f o r  a maximum output  the bandwidth of the stage 
Conversely, f o r  a l a r g e  operat ing bandwidth, 
I 
35 
Table 3-8. Sample o f  diodes w i t h  above average output  


















































































































4. AMPLIFIER DEVELOPMENT 
The amp1 i f i e r  development i n  t h i s  program i s  convenient ly  c l a s s i f i e d  
i n t o  four areas: 
and b i a s  regu la to rs .  
presented i n  the f o l l o w i n g  sections. 
c i r c u i t  development, c i r c u l a t o r s ,  constant vo l tage  b ias ing ,  
A d e s c r i p t i o n  of the development o f  these elements i s  
4.1 IMPATT CIRCUIT DEVELOPMENT 
Due t o  the h igh  output  power requirement, the output  stage i s ,  of 
necessi ty,  a mu1 t i d i o d e  c i r c u i t .  Nonlinear i n t e r a c t i o n s  among the  diodes i m -  
pose r e s t r i c t i o n s  on c i r c u i t  performance. Consequently, the ou tpu t  stage i s  
always the l i m i t i n g  member i n  an a m p l i f i e r  chain i n  terms of ou tpu t  power and 
operat ing bandwidth. There are two  possible approaches t o  meet the  power and 
operat ing bandwidth. One i s  t o  develop an IMPATT a m p l i f i e r  ope ra t i ng  i n  the 
s tab le  a m p l i f i e r  mode; the o the r  i s  t o  develop an IMPATT a m p l i f i e r  operat ing 
i n  the i n j e c t i o n - l o c k e d  o s c i l l a t o r  mode. 
Although the s tab le  a m p l i f i e r  mode has the  p o t e n t i a l  of wide operat ing 
bandwidth, the c i r c u i t  requ i res  the use of 3-dB h y b r i d  couplers t o  achieve 
power combining. This scheme has the  f o l l o w i n g  disadvantages: 
0 Because o f  h y b r i d  losses, t he  coupler i s  o n l y  capable o f  combining up 
t o  four diodes. This mandates the use of 6-W IMPATT diodes, which 
are nonexis tent  a t  the present t i m e  
0 Stable a m p l i f i e r s  genera l l y  have lower ga in  than i n j e c t i o n - l o c k e d  
a m p l i f i e r s ,  consequently the required 8 dB ga in  could no t  be achieved 
w i t h  one stage 
0 Hybrid-coupled a m p l i f i e r s  are, i n  general,  more bu lky  than i n j e c t i o n -  
locked o s c i l l a t o r s .  
o v e r a l l  s ize.  
The l a r g e r  number o f  stages a l s o  increases the 
I n  c o n t r a s t  w i t h  the s tab le  a m p l i f i e r  mode, the i n j e c t i o n - l o c k e d  o s c i l -  
l a t o r  mode o f f e r s  the f o l l o w i n g  advantages: 
0 Many diodes can be combined in a very small  volume 
0 The h igh  ga in  requ i red  i n  t h i s  program should be achievable i n  a 
s i n g l e  stage 
0 A resonant c a v i t y  i s  used as the medium for power combining. 
There are b a s i c a l l y  two con f igu ra t i ons  of resonant c a v i t i e s  s u i t a b l e  f o r  20 
GHz c i r c u i t s :  the c y l i n d r i c a l  c a v i t y  and the rec tangu la r  waveguide c a v i t y .  
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The cy1 i n d r i c a l  con f i gu ra t i on  has enjoyed grea t  success at. lower f requencies 
due t o  i t s  compact s ize.  
about 1.5 cm (0.45 inch) ,  making i t  too  small t o  accommodate the  requ i red  
number o f  IMPATT diodes. 
mended because o f  the problem o f  overmoding; the  number o f  resonant modes 
w i t h i n  a spec i f i c  frequency range va r ies  w i t h  the  square o f  the  c y l i n d e r  
rad ius.  On the  o ther  hand, the  waveguide c a v i t y  can accommodate a l a r g e  
number o f  diodes by  inc reas ing  o n l y  the  l o n g i t u d i n a l  dimension o f  the  c a v i t y .  
Th is  r e s u l t s  i n  a l i n e a r  increase i n  the number o f  resonant modes r a t h e r  than 
a quadrate increase, as i n  the  case of t he  c y l i n d r i c a l  c a v i t y .  Consequently, 
mode spacing i s  l a r g e  and s i n g l e  mode opera t ion  i s  poss ib le .  An added ad- 
vantage of the waveguide c a v i t y  i s  the  d i r e c t  i n t e r f a c e  w i t h  the  ou tpu t  wave- 
guide, because the cross-sect ional  dimensions o f  the  c a v i t y  are i d e n t i c a l  t o  
those of the waveguide. Based on these considerat ions,  the  waveguide c a v i t y  
conf igura t ion  was adopted f o r  t h i s  a m p l i f i e r  development. 
A t  20 GHz, however, t he  diameter o f  the  c a v i t y  i s  
A l a r g e r  diameter c y l i n d r i c a l  c a v i t y  i s  no t  recom- 
The basic cons t ruc t i on  o f  a rec tangu lar  waveguide combiner i s  shown i n  
F igure 4-1. 
modules coupled t o  a rec tangu lar  waveguide through the  s idewal ls  of t he  
guide. 
i r i s  opening on the  o ther .  The diode module i s  very  s i m i l a r  t o  those o f  t he  
i n p u t  and d r i ve r  stages. 
It e s s e n t i a l l y  cons i s t s  o f  a number o f  i n d i v i d u a l  d iode 
The resonant c a v i t y  i s  formed by a s h o r t  c i r c u i t  on one end and an 
IR IS  
T O  




F i g u r e  4-1. Basic c o n f i g u r a t i o n  o f  waveguide 
c a v i t y  combiner 
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Figure 4-2(a) shows the cons t ruc t ion  o f  the diode module, which d i f -  
fers  from the s ing le-d iode c i r c u i t  i n  two respects.  
quarter-wave choke i n  the  b ias  p o r t .  
as the d i e l e c t r i c )  i s  used before t h e  bias p o r t  i s  terminated by  l o s s y  d i -  
e l e c t r i c  (Eccosorb MF124). 
wave sec t i on  behaves as a ser ies  resonator a t  t h e  resonant frequency, and i s  
e s s e n t i a l l y  a shor t  c i r c u i t .  
t i o n  i n  ser ies .  
t i v e l y  low impedance, most o f  the  RF power i s  de l i ve red  t o  the  load. 
F i r s t ,  t.here i s  no 
Instead, a half-wave sec t i on  ( w i t h  a i r  
Th is  arrangement has t h e  advantage t h a t  the  h a l f -  
The diode sees the load and the b i a s  termina- 
Because the b ias  te rmina t ion  i s  designed t o  have a r e l a -  
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F igu re  4-2. Const ruc t ion  o f  waveguide c a v i t y  combiner 
Second, the diode modules are coupled t o  the  waveguide from the  side- 
This c o n f i g u r a t i o n  has t h e  wa l l s  ins tead o f  from the center  o f  the guide. 
advantage t h a t  two diode modules can be placed a t  the  same cross sect ion,  
thereby c u t t i n g  the l eng th  o f  the c a v i t y  i n  ha l f .  
The ac tua l  cons t ruc t i on  o f  the combiner i s  shown i n  F igure 4-3. The 
i n d i v i d u a l  components a re  r e a d i l y  i d e n t i f i a b l e  and need no f u r t h e r  elabora- 
t i o n .  
surement data o f  the u n i t  are presented i n  Sect ion 5. 
An assembled view o f  the combiner i s  shown i n  F igure 4-4. The mea- 
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21 3 9 5 6 - 8 6 - 7  
Figure 4-3. Construction o f  combiner 
21  3 9 5 6 - 8 6 -  10 
Figure 4-4. Assembled view o f  8-diode combiner 
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One design fea tu re  o f  the combiner, which i s  v i s i b l e  from Figure 4-4, i s  
The contacts between the IMPATT diodes and the  b i a s  
Large current ,  dc and RF, f lows through each con- 
the b i a s  p i n  assemblies. 
p ins  are ve ry  important.  
t a c t  because i t  i s  w i t h i n  the low impedance region. 
l o s s  are essen t ia l  f o r  the power performance o f  the combiner. 
low l o s s  contact, the b i a s  p i n  must be pressed against  the diode package b y  a 
l a r g e  force. 
used t o  prov ide t h i s  contact  force.  
a d j u s t e r  f o r  the chokes, a l l o w i n g  f o r  a much f i n e r  adjustment o f  t he  choke 
p o s i t i o n .  
Contacts w i t h  low ohmic 
To ma in ta in  a 
A nonconducting b r i d g e  (made of epoxy g lass)  ho lds the  bel lows 
The round knobs are used as a micro- 
The equiva lent  c i r c u i t  of the output  stage i s  shown i n  F igure 4-5. With 
the numerous resonators i d e n t i f i e d  i n  the f i gu re ,  the output  stage can be 
c l a s s i f i e d  as a mu l t i t uned  c i r c u i t .  
b i n e r  behaves as a s ingle-tuned c i r c u i t  because, i n  comparison, t he  Q o f  t he  
resonant c a v i t y  i s  so much h igher  than those o f  the o the r  resonators t h a t  the 
ef fects  of t he  l a t t e r  are almost diminished. This  statement was confirmed by 
experiment t h a t  the f ree-running frequency of the combiner was v a r i e d  by the  
adjustment of the waveguide sho r t  and the i r i s  (two elements of t he  waveguide 
c a v i t y )  and, t o  a l a r g e  extent ,  no t  va r ied  by  the a l t e r n a t i o n  o f  t he  t rans -  
former shim o r  the half-wave sect ions.  Consequently, t h e  output  stage suf- 
fers  from r e l a t i v e l y  narrow operat ing bandwidth as  w i t h  o the r  s ing le- tuned 
c i r c u i t s .  
the stage ga in  t o  8, the program ob jec t i ves  o f  a 20-W CW output and a 2-dB 
bandwidth of 500 MHz could be achieved. 
i t  was found t h a t  the wide d i spe rs ion  o f  c h a r a c t e r i s t i c s ,  i n  terms of output  
power and f ree-running o s c i l l a t i o n  frequency o f  the IMPATT diodes used, 
seve re l y  l i m i t s  the power-bandwidth performance of the output  stage. 
mechanism behind t h i s  l i m i t a t i o n  process i s  shown i n  Appendix C. A h i g h  Q 
resonant c i r c u i t  was requ i red  t o  compensate f o r  the v a r i a t i o n s  i n  diode impe- 
dances (due t o  package and diode c h i p  v a r i a t i o n s )  t o  achieve power combining. 
Since the 0 o f  the c i r c u i t  could no t  be increased w i thou t  a f fec t i ng  the band- 
width,  a compromise was made and both output power and bandwidth suffered. 
I n  actual operation, however, the com- 
I t  was i n i t i a l l y  be l i eved  t h a t  by lower ing the  c a v i t y  Q t o  25 and 
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Figure 4-5. Equiva lent  c i r c u i t  o f  waveguide c a v i t y  combiner 
4.2 CIRCULATORS 
One essent ia l  component found i n  most i n j e c t i o n - l o c k i n g  o s c i l l a t o r s  o r  
r e f l e c t i o n  a m p l i f i e r s  employing IMPATT diodes i s  the th ree -po r t  c i r c u l a t o r .  
The c i r c u l a t o r  decouples the i n p u t  c i r c u i t  from the output  c i r c u i t  and, i n  
e f f e c t ,  transforms a one-port network i n t o  one wi th  two po r t s .  Since both 
the i n p u t  and output  s igna ls  are t ransmi t ted  through the c i r c u l a t o r ,  the 
e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  the c i r c u l a t o r  have a profound i n f l u e n c e  on the 
o v e r a l l  c i r c u i t  performance. The requirements imposed on the c i r c u l a t o r s  are 
s t r i n g e n t .  The c i r c u l a t o r s  must be capable o f  handl ing the s igna l  power and 
have a wide bandwidth ( w i t h  low SWR) f o r  proper  c i r c u i t  operat ion and an ade- 
quate i s o l a t i o n  f o r  i npu t /ou tpu t  decoupl ing.  Moreover, t he  c i r c u l a t o r s  must 
have an extremely low i n s e r t i o n  loss - i n  the v i c i n i t y  of 0.1 dB - t o  prevent 
f u r t h e r  degradation o f  the r e l a t i v e l y  poor e f f i c i e n c y  o f  IMPATT devices. TRW 
has developed and patented such h igh  performance c i r c u l a t o r s  [ll]. 
The development o f  h igh  performance c i r c u l a t o r s  was i n i t i a t e d  a t  TRW i n  
1974. A market search had d isc losed t h a t  even on spec ia l  order, state-of-  
t h e - a r t  c i r c u l a t o r s  were t o t a l l y  inadequate f o r  our purposes and an R&D ef -  
f o r t  was i n i t i a t e d  t o  develop a low l o s s  c i r c u l a t o r  a t  Ka-band. 
appeared a t  t h a t  t ime as a t e c h n i c a l l y  ambit ious task  r e s u l t e d  n o t  o n l y  i n  a 
device w i t h  performance c h a r a c t e r i s t i c s  f a r  exceeding t h e  o r i g i n a l  goals, b u t  
What 
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a l s o  l e d  t o  several s i g n i f i c a n t  advances i n  f e r r i t . e  component technology. 
Among these were improvements i n  a n a l y t i c a l  design methods and a b e t t e r  
understanding o f  f e r r i t e  m a t e r i a l  appl icat ions,  r e s u l t i n g  i n  a h i g h  degree of 
c o n t r o l  over performance parameter, such as i n s e r t i o n  loss,  power capaci ty ,  
and thermal s t a b i l i t y .  The improvements i n  s t r u c t u r a l  design r e s u l t e d  i n  
much h igher  re1 i a b i l  i t y  components which t o t a l l y  outperformed, under shock 
and v i b r a t i o n ,  t he  epoxy-bonded, t r i a n g u l a r  j u n c t i o n  designs common t o  the 
i ndus t r y .  
F igure 4-6 dep ic t s  the s i m p l i f i e d  const ruct ion o f  a t h ree -po r t  j u n c t i o n  
c i r c u l a t o r .  
which a r e  120 degrees apar t  and i n t e r c e p t  t o  form a symmetric j u n c t i o n .  
f e r r i t e  post i s  placed a t  the center  o f  t h e  j u n c t i o n .  
magnetic f i e l d  Ha i s  requ i red  t o  b ias  the f e r r i t e  post.  
ab le c i r c u l a t o r s  employ f e r r i t e  posts w i t h  a t r i a n g u l a r  cross-sect ion as 
shown i n  F igure 4-7(a). The t r i a n g u l a r  geometry was considered t o  have the 
p o t e n t i a l  o f  o f f e r i n g  a wide c i r c u l a t o r  bandwidth; however, due t o  fabr ica-  
t i o n  and mechanical a1 ignment d i f f i c u l t i e s ,  t he  wideband p o t e n t i a l  was never 
p r a c t i c a l l y  r e a l i z e d .  
The c i r c u l a t o r  cons i s t s  of three TEIO rec tangu la r  waveguides 
An ex te rna l  s ta tus  
A 
Commercially a v a i l -  
I n  f a c t ,  each t r i a n g u l a r  geometry c i r c u l a t o r  has t o  be 
i n d i v i d u a l l y  tuned t o  meet the e l e c t r i c a l  requirements. 
hand, adopted the c y l i n d r i c a l  f e r r i t e  post as shown i n  Figure 4-7(b). 
found t h a t  the c y l i n d r i c a l  geometry o f f e r s  n o t  o n l y  super ior  mechanical pro- 
p e r t i e s ,  b u t  a l s o  e l e c t r i c a l  performance t h a t  equals o r  surpasses t h a t  of the 
t r i a n g u l a r  geometry. 
once the proper j u n c t i o n  design i s  completed. 
TRW, on the o the r  
I t  was 
I n d i v i d u a l  t u n i n g  o f  t h e  TRW c i r c u l a t o r  i s  n o t  needed 
A d e t a i l e d  graphic rep resen ta t i on  o f  t he  TRW c i r c u l a t o r  j u n c t i o n  i s  de- 
p i c t e d  i n  F igure 4-8. 
d i e l e c t r i c  spacers, a septum i n  the  center o f  t he  c y l i n d e r  d i v i d i n g  the junc- 
t i o n  i n t o  two t u r n s t i l e s ,  and a d i e l e c t r i c  tube enc los ing the above pa r t s .  
The j u n c t i o n  consists o f  two f e r r i t e  discs,  two 
The j u n c t i o n  assembly i s  nested i n  m e t a l l i c  t ransformer discs,  which are 
indexed p r e c i s e l y  i n  the c i r c u l a t o r  housing formed by  three i n t e r s e c t i n g  
waveguides. 
t he  a i d  o f  Figures 4-9(a) and (b). 
by  the waveguides behaves as a TMl10 mode c y l i n d r i c a l  c a v i t y .  
t e r n a l  magnetic b ias  Ha i s  removed and the c a v i t y  i s  e x c i t e d  by  the TEIO wave 
from one waveguide, the r e s u l t i n g  TMl10 f i e l d  p a t t e r n  i s  o r i en ted  i n  the 
The operat ion of a j u n c t i o n  c i r c u l a t o r  i s  best explained w i t h  
Note t h a t  t he  symnetric j u n c t i o n  formed 
When the ex- 
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Figure 4-6. S imp l i f i ed  construct ion of 
3-port c i r c u l a t o r  
b) CYCLINDRICAL GEOMETRY a) TRIANGULAR GEOMETRY 
0 PARTS DIFFICULT TO FABRICATE AND INSPECT 0 PARTS EASY TO FABRICATE AND INSPECT 
0 ASSEMBLY REQUIRES LOCATING FIXTURES, 0 SIMPLE ASSEMBLY 
AND REPEATABLE 
QUALITY CONTROL OF SIX EPOXIED INTERFACES, 
CURING OVEN NO POST-ASSEMBLY TUNING, REPRODUCIBLE 
ASSEMBLED CIRCULATOR REQUIRES POST- 
ASSEMBLY TUNING - NO TWO CIRULATORS 0 CIRCULATOR SHOCK AND VIBRATION PROOF 
ALIKE 
0 DIFFICULT TO OUALIFY UNDER SHOCK 
AND VIBRATION 
0 EXPENSIVE LOW RELIABILITY CIRCULATOR 
0 SIGNIFICANTLY LESS EXPENSIVF, HIGH 
RELIABIL ITY  CIRCULATOR 
Figure 4-7. Comparison o f  conventional t r i a n g u l a r  and TRW's cy l i nd r i ca l  
c i r c u l a t o r  junct ions 
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F igu re  4-8. Graphic rep resen ta t i on  of TRW's c i r c u l a t o r  j u n c t i o n  
TED 
I T E  
a)  WITH NO MAGNETIC BIAS b) WITH MAGNETIC BIAS Ha 
Fig~re 4-9. F i e l d  p a t t e r n  f o r  W-plane waveguide c i r c u l a t o r  
us ing  TMllO mode 
d i r e c t i o n  shown i n  F igure 4-9(a). The pa t te rn  o r i e n t a t i o n  i s  i d e n t i c a l  t o  
the one when no f e r r i t e  post  i s  present. The f e r r i t e  pos t  does no t  change 
the  p a t t e r n  o r i e n t a t i o n  because i n  the absence o f  an ex te rna l  magnetic b ias,  
the electromagnet ic l e f t  and r i g h t  po lar ized waves e x i s t i n g  i n s i d e  the fe r -  
r i t e  have the same propagat ion constant. The two waves emerge from the fe r -  
r i t e  in-phase and no r o t a t i o n  o f  the c a v i t y  f i e l d  p a t t e r n  takes place. 
shown i n  F igure 4-9(a), the presence of e l e c t r i c  and t a n g e n t i a l  magnetic 
f i e l d s  a t  t he  waveguide-cavity i n t e r f a c e  al lows e x c i t a t i o n  of TEIO waves i n  
t h e  two output waveguides. 
As 
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When the ex terna l  magnetic b ias,  Ha, i s  app l i ed  the  s i t u a t i o n  i s  
changed. The two po la r i zed  waves i n  the f e r r i t e  no longer  have the  same pro-  
pagat ion constant, r e s u l t i n g  i n  r o t a t i o n  o f  t he  mode p a t t e r n  o f  the  c a v i t y  by  
30 degrees, as shown i n  F igure 4-9(a).  The f i n a l  outcome i s  t h a t  wh i l e  one 
o f  the output waveguides stays unchanged, the  remaining waveguide i s  i s o l a t e d  
(i.e., no output ) .  
t angen t ia l  magnetic f i e l d s  a t  the waveguide-cavity i n t e r f a c e  t o  e x c i t e  the  
The c a v i t y  f i e l d  p a t t e r n  no longer  has e l e c t r i c a l  and 
wave i n  the  i s o l a t e d  waveguide. 
The bandwidth of a c y l i n d r i c a l  c i r c u l a t o r  i s  r e l a t e d  t o  i t s  geometry by  
TEIO 
[121 
BW 3.08 MS (4-1) 
where R = rad ius o f  f e r r i t e  pos t  
a = radius of c a v i t y  
y = gyromagnetic r a t i o  of the  e l e c t r o n  
oo = center f requency o f  the  passband 
Ho = external  magnetic b ias  f i e l d ,  
Ms = f e r r i t e  s a t u r a t i o n  magnet izat ion.  
The upper l i m i t  on the c i r c u l a t o r  bandwidth i s ,  o f  course, the  single-mode 
bandwidth of the  waveguides used. 
F igure 4-10 i n d i c a t e s  the  e l e c t r i c a l  performance o f  a TRW K-band c i r c u -  
l a t o r .  
s e r t i o n  loss data. I t  can be seen t h a t  f o r  a VSWR o f  1.2, the  c i r c u l a t o r  has 
a passband from 18 t o  23 GHz - a bandwidth o f  5 GHz. 
the passband i s  less than 0.2 dB. 
has an exce l len t  thermal s t a b i l i t y ;  a temperature v a r i a t i o n  from -21" t o  51OC 
has l i t t l e  e f f e c t  on the e l e c t r i c a l  performance. 
The upper curve represents  the  VSWR data and the  lower curve, i n -  
The i n s e r t i o n  l oss  i n  















F i g u r e  4-10. E l e c t r i c a l  performance o f  20-6Hz c i r c u l a t o r  
4.3 CONSTANT VOLTAGE BIASING 
I t  i s  w e l l  known that i n  the avalanche breakdown mode, the  IMPATT diode 
behaves ve ry  much l i k e  a zener diode; t h a t  i s ,  as f a r  as the  b i a s  supply i s  
concerned, the  IMPATT diode acts  as a constant vo l tage device; therefore,  a 
~ C n s t a n t  c u r r e n t  source has always been used w i t h o u t  except ion t o  b i a s  an 
IMPATT diode. I t  has been repor ted [4]  t ha t  an IMPATT diode operat ing i n  the  
a m p l i f i e r  mode has been successfu l ly  biased by  a constant vo l tage  source w i t h  
encouraging r e s u l t s .  The r e p o r t  claimed that by us ing  constant  vo l tage b ias -  
ing, improved a m p l i f i e r  l i n e a r i t y  and s t a b i l i t y  could be obta ined wh i l e  i n -  
creas ing the o v e r a l l  dc-to-RF conversion e f f i c i e n c y .  I n s p i r e d  by the 
f i n d i n g ,  i t  was decided t h a t  constant vol tage b i a s  would be t r i e d  on the 
IMPATT amp1 i f i e r  operat ing i n  the i n jec t i on - locked  o s c i l l a t o r  mode. 
I t  appears t h a t  f o r  a well-designed c i r c u i t ,  t he  IMPATT diode i s  s t a b l e  
w i th  e i t h e r  constant  cu r ren t  b i a s  o r  constant vo l tage  b ias.  
provement o f  a m p l i f i e r  l i n e a r i t y  was no t  observed since, i n  an o b j e c t i o n  
l o c k i n g  mode, o n l y  the output frequency fo l l ows  t h a t  o f  the i npu t ;  the output  
Simi lar ly,  i m -  
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power remains more o r  l e s s  constant. 
t i o n a l  mode i s  t h a t  the a m p l i f i e r  o f f e r s  a thermal p roper t y  super io r  t o  when 
i t  was under constant c u r r e n t  bias.  
j unc t i ons ,  S i  and GaAs included, the decreased i o n i z a t i o n  r a t e  a t  h igh  tern- 
pe ra tu re  gives r i s e  t o  a p o s i t i v e  temperature c o e f f i c i e n t  of breakdown v o l -  
tage. 
was found t o  be: 
One d i s t i n c t  advantage o f  t h i s  opera- 
For any reverse-biased semiconductor 
A good approximation o f  the breakdown vol  tage-temperature r e l a t i o n s h i p  
If the device i s  operat ing under constant  vo l tage  bias,  i t  can be shown 
This  a c t i o n  r e s u l t s  from the  
(see Appendix B) t h a t  the j u n c t i o n  temperature a c t u a l l y  r i s e s  a t  a slower 
r a t e  than the  r i s e  of the ambient temperature. 
increase i n  diode breakdown vol tage, according t o  equat ion (4 -2 ) ,  as ex te rna l  
hea t ing  takes place. 
c u r r e n t  decreases. This i s  f o l l owed  by a decrease i n  power d i s s i p a t e d  i n  the  
diode and a decrease i n  j u n c t i o n  temperature; hence, t he  device i s  prevented 
from thermal runaway. It was shown [5,6] t h a t  output  RF power of an IMPATT 
diode i s  p ropor t i ona l  t o  the square o f  diode cu r ren t .  
thermal p r o t e c t i o n  i s  a gracefu l  degradat ion o f  output  power w i t h  ambient 
Since the diode vo l tage i s  kept  constant, the diode 
i 
The p r i c e  fo r  the 
where T .  i s  the j u n c t i o n  temperature, To the reference temperature, 
Vb(To) the breakdown vol tage a t  To, and 
f i c i e n t  def ined by: 
J 
the normalized temperature coef- 
Rise of the j u n c t i o n  temperature, T 
r i s e  of the ambient temperature) and i n t e r n a l  heat ing (due t o  power d i s s i p a -  
t i o n  i n  the d iode) .  
i s  caused by  external  heat ing (due t o  
j ’  
When the device i s  operat ing under constant  c u r r e n t  bias, any increase 
i n  ambient temperature r e s u l t s  i n  an increase o f  the j u n c t i o n  temperature, as 
we1 1 as the increase i n  breakdown vol tage. Consequently, power d i s s i p a t i o n  
i n  the diode i s  increased, i n  t u r n  causing the  j u n c t i o n  temperature t o  
f u r t h e r  elevate. This i s  the well-known thermal runaway phenomenon which can 
e v e n t u a l l y  lead t o  the d e s t r u c t i o n  o f  the device. 
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temperature e leva t i on .  
of j u n c t i o n  temperature can be expressed approximately as: 
Appendix B shows tha t  the output  power as a f u n c t i o n  
Po = k(cl 2 -+ dl 2 2  AT - 2cld lAT) 
( 4 - 4 )  
_. . -. - - 
where k,  a, b are constants def ined i n  Appendix A and AT = T - To i s  t he  
r e l a t i v e  ambient temperature. 
e l e v a t i o n  a t  a r a t e  equal to :  
The output  power decreases w i t h  temperature 
2 = 2dl AT - 2cldl ApO rr (4 -5)  
The output  power approaches zero as the temperature d i f f e r e n t i a l  approaches a 
c u t o f f  value def ined as: 
(4-6)  
where vd i s  the constant b i a s  vol tage. 
equal t o  o r  above ATc, the d iode c u r r e n t  i s  t o t a l l y  c u t  o f f .  
A t  r e l a t i v e  temperature, which i s  
I n  many a p p l i c a t i o n s  i n  an extreme thermal environment, a g race fu l  
degradat ion i n  power w i t h  respect t o  temperature e l e v a t i o n  i s  u s u a l l y  pre-  
f e r red  over a ca tas t roph ic  f a i l u r e ,  such as a thermal runaway. It i s  w e l l  
known t h a t  t he  f a i l u r e  r a t e  o f  IMPATT diodes i s  d i r e c t l y  r e l a t e d  t o  the 
j u n c t i o n  temperature and i s  descr ibed by the Arrhenius equation: 
A = X o  EXP (-E/kT) (4 -7)  
where X = f a i l u r e  ra te ,  Xo = a constant, E = a c t i v a t i o n  energy, T = tempera- 
ture,  and K = Boltzmann's constant. 
t i o n  temperature leads t o  a t e n f o l d  increase i n  f a i l u r e  ra te .  S i m i l a r l y ,  i f  
the j u n c t i o n  temperature i s  cooler  by 28OC, t he  f a i l u r e  r a t e  drops tenfo ld .  
The advantage o f  constant vo l tage i s  obvious. 
4.4 CONSTANT VOLTAGE B I AS1 NG REGULATORS 
The b i a s  c i r c u i t  t o  be used i n  t h i s  program i s  e s s e n t i a l l y  that  of a 
For example, an increase of 28°C i n  junc-  
vo l tage  r e g u l a t o r  (constant vo l tage source). One vo l tage r e g u l a t o r  i s  needed 
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fo r  each IMPATT diode. 
t o r s  of various capacity and capabi l i ty  have been produced by the industry i n  
integrated c i r c u i t  ( I C )  form and are available i n  large quant i t ies  a t  low 
cost. 
Due to  t h e i r  numerous applications,  voltage regula- 
One regulator sui table  fo r  our application i n  the program i s  the LM150K, 
manufactured by the National Semiconductor Corporation. T h i s  regulator of- 
f e r s  internal current l imit ,  thermal overload protection, and safe-area pro- 
tection to  ensure h i g h  r e l i a b i l i t y .  The internal c i r c u i t r y  o f  the regulator 
i s  provided i n  Figure 4-11. 
ternal components, namely, potentiometer, r e s i s t o r ,  and capacitor, a r e  needed 
t o  connect the regulator as an  adjustable constant voltage source (see Figure 
5-25). The IC can operate i n  a temperature range of -55" t o  +150° C. 
regulation i s  typical ly  0.005 percent; load regulation typical ly  0.1 percent. 
The photograph of a complete regulator assembly i s  shown i n  Figure 4-12. 
The c i r c u i t  i s  quite complete. Only three ex- 
Line 
- "IN D - IN OUT D "OUT 
1.2K ADJ 
SK 
Figure 4-11. Bias regulator schematics 
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5. AMPLIFIER PERFORMANCE EVALUATION 
1 
JUNCTION TEMPERATURE 
EFFl CI ENCY 
GAIN 
BANDW I D T H  
POWER OUTPUT 
I) 
5.1 TEST OBJECTIVES 
The test. ob jec t i ves  were t o  determine the  a m p l i f i e r  performance w i t h  r e -  
spect t o  the parameters o u t l i n e d  i n  the con t rac t .  
s i s t e d  o f  the performance c h a r a c t e r i s t i c  t e s t s  i d e n t i f i e d  i n  Table 5-1. 
A m p l i f i e r  t e s t i n g  con- 
5.2 MEASUREMENT IDENTIFICATION 
To adequately charac ter ize  the a m p l i f i e r  e l e c t r i c a l  performance, t.he 
f o u r  measurements requ i red  are l i s t e d  i n  Table 5-2, i n  a d d i t i o n  t o  the  para- 
meters which can be evaluated us ing  data from the var ious measurements. 
can be seen, the  parameters i n  the t a b l e  complete ly  i d e n t i f y  wi th  t h e  r e -  
quirements l i s t e d  i n  the t a b l e  can be grouped i n t o  sca la r  o r  dc measurements. 
As 
Table 5-2. Amplifier/tests/measurements 
- 
TESTSlMEASUREMENTS 
1. OUTPUT POWER VS INPUT POWER 
2. OUTPUT POWER VS FREQUENCY 
3. EFFICIENCY MEASUREMENT 
4. D IODE THERMAL RESISTANCE 
MEASUREMENT 
5.3 TEST METHODOLOGY 
Scalar RF Measurements 
RESULTING D A T A  FOR EVALUATION 
OUTPUT POWER, GAIN 
BANDWIDTH, OUTPUT POWER, G A I N  
V A R I A T I O N  
AMPLIFIER DC-TO-RF CONVERSION 
EFFlCl  ENCY 
THERMAL RESISTANCE, JUNCTION 
TEMPER A T  U R E 
The measurements l i s t e d  as 1 t o  3 i n  Table 5-2 a re  termed sca la r  because 
o n l y  the power l e v e l  and frequency in fo rmat ion  of t h e  t e s t  s i g n a l  can be ob- 
ta ined.  The t e s t  setup (F igure 5-1) cons i s t s  p r i m a r i l y  o f  a v a r i a b l e  f r e -  
quency signal  source, power moni tor  a t  t h e  i n p u t  p o r t  o f  t h e  c i r c u i t  under 
t e s t ,  power mon i to r  a t  the ou tpu t  p o r t ,  and spectrum analyzer  a t  t h e  ou tpu t  
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p o r t .  
t 
DC-to-RF Conversion E f f i c i e n c y  
The dc-to-RF conversion e f f i c i e n c y  o f  the a m p l i f i e r ,  exc lud ing the b i a s  , 
r egu la to rs ,  can be found from the equation: 
F igu re  5-1. Scalar measurement setup 
5.4 MEASUREMENT DATA EVALUATION 
Output Power versus Frequency 
The output  power of the a m p l i f i e r  was measured aga ins t  the RF frequency 
a two-diode module, a fou r -  
The r e s u l t s  o f  
f o r  f o u r  con f igu ra t i ons  du r ing  i t s  development: 
diode module, a s ix-d iode module, and dn eight-diode module. 
these measurements are shown i n  Figures 5-2 through 5-5, respec t i ve l y .  
power output  of the e ight -d iode combiner w i t h i n  a bandwidth of 300 MHz (19 t o  
19.3 GHz) can be summarized as fo l l ows :  
The 
Power output. = min. 6.2 w ,  max. 10.5 w 
Powei. Gain versus Frequency 
The a m p l i f i e r  ga in versus frequency f o r  t he  e ight -d iode combiner can be 
From t h i s  data i t  can c a l c u l a t e d  from t h i s  data and i s  shown i n  F igure 5-6. 
be seen t h a t  the gain v a r i e s  as f o l l o w s :  
Power Gain = 2.9 dB min; 5.2 dB max 
100 (Po - P i )  - 
-' 'dlVdl Id2'd2 t . . . t ~~~v~~ 
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-." 
19.5 19.7 19.9 20.1 20.3 20.5 
FREQUENCY (CHz) 
Figure 5-2. Two-diode module performance 
la. 6 18.7 18.8 18.9 19.0 19.1 
FREQUENCY (CHz) 
Figure 5-3. Four-diode module performance 
I I I I 
18.6 18.7 18.0 18.9 19.0 19.1 
FREQUENCY (CHz) 
Figure 5-4. Six-diode module performance 
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l l r  I 








L 8 -  c 
3 
0 
19.0 / 19.1 19.2 19.3 
FREQUENCY (CHz) 
F igu re  5-5. Eight-diode combiner performance 
where Po = RF output  power 
Pi = RF i n p u t  power 
I d  = IMPATT diode c u r r e n t  
vd = IMPATT diode vol tage. 
The o v e r a l l  dc-to-RF conversion e f f i c i e n c y  of the amp l i f i e r ,  i n c l u d i n g  the  
b ias  regu la to rs ,  can be found from the equation: 
100 (Po - Pi) 
I T V T  
- 
‘)T - 
where IT = EC supply c u r r e n t  
VT = DC supply vol tage. 
The f o l l o w i n g  data were used f o r  the e f f i c i e n c y  c a l c u l a t i o n s :  
f = 19.35 GHz VD4 = 36.4 V 
Pi = 3.16 W ID4 = 0.470 A 
Po = 11.48 W VD5 = 35.6 V 
VT = 42 V ID5 = 0.400 A 
IT = 3.97 A VD6 = 38.5 V 
(5-2) 
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V D 1  = 36.4 V 
ID1 = 0.500 A 
vD2 = 36.2 v 
ID6 = 0.520 A 
VD7 = 34.8 V 
ID7 = 0.560 A 
ID2 = 0.540 A VD8 = 34.6 V 
VD3 = 32.7V ID8 = 0.500 A 
vB ( V I  
36.4 
Upon calculations, the EC-to-RF conversion eff ic iencies  are: 
71, = 5.9 percent (excluding bias regulators) 
qT = 5.0 percent (including bias regulators) 
Ig (mA) Re ( O C / W )  Ti (OC) 
500 13.9 259 
Diode Thermal Resistance Measurement 
The thermal resistance of each diode was measured using the method out- 
lined i n  Section 3.2. 
the equation : 








= TA + Re (VOID - Prf) (5-3) T j  
5 40 13.2 
480 16.9 





where T = diode junction temperature 
TA = ambient temperature 
R e  = diode thermal resistance 
VD = diode voltage 
I D  = diode current 
Prf = RF power generated per diode. 
j 
From this equation the junction temperature of each diode was calculated 
for  an ambient temperature of 20°C and i s  given i n  Table 5-3. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
As a r e s u l t  o f  t h i s  program, TRW has success fu l l y  developed a 20-GHz 
d o u b l e - d r i f t  GaAs IMPATT diode w i t h  a maximum observed CW o s c i l l a t o r  ou tpu t  
power of 5.3 W and dc- to- r f  e f f i c i e n c y  of 19 percent measured at. the c a v i t y  
output  po r t .  We have a1 so developed the necessary m i  11 imeter-wave c i r c u i t r y  
t o  combine e i g h t  2-W GaAs IMPATT diodes i n  a Kurokawa power combiner pro-  
ducing c lose  t o  12 W of output  power. These r e s u l t s  represent  a s i g n i f i c a n t  
advance i n  the st .ate-of- the-art  i n  both device and power combiner c i r c u i t  
technologies i n  K-band frequencies. 
Several areas warrant f u r t h e r  development o r  improvement. 
Although a maximum power output  o f  5.3 W has been measured, most o f  
the diodes f a l l  i n  the 2-W category. 
t o  improve the diode y i e l d  i n  the 4 t o  5 W range. 
t i o n s  i n  the breakdown vo l tage  across the wafer (F igure 3-5) may be 
a fundamental problem associated w i t h  the extremely complex low- 
high- low doping p r o f i l e  of the d o u b l e - d r i f t  Read diode. I t  may 
t h e r e f o r e  be necessary t o  examine t h e  f a c t o r s  governing MBE u n i -  
f o r m i t y  across t h e  3- inch wafer. 
Add i t i ona l  work i s  necessary 
The wide v a r i a -  
There i s  considerable v a r i a t i o n  i n  t h e  device thermal res i s tance  
(Table 3-4). I t  i s ,  w e l l  known t h a t  the thermal res i s tance  f o r  
s i l i c o n  IMPATT diodes i s  h i g h l y  dependent on the  thermal compression 
bonding procedure as we l l  as  the p rec i se  th ickness o f  the g o l d  on 
the diamond heatsink.  Because o f  t h e  more b r i t t l e  nature o f  GaAs 
m a t e r i a l ,  these f a c t o r s  w i l l  undoubtedly magnify any imper fect ions 
i n  our bonding techniques and r e s u l t  i n  h i g h l y  nonuniform thermal 
res i s tance  from diode t o  diode. This  w i l l  i n  t u r n  c o n t r i b u t e  t o  
l a r g e  v a r i a t i o n s  i n  output  power and e f f i c i ency .  
Because o f  t he  extremely low y i e l d  of 4 t o  5-W diodes, i t  was n o t  
p o s s i b l e  t o  achieve the des i red 20-W output power. However, we be- 
l i e v e  t h a t  the bas ic  c i r c u i t  design i s  sound and o n l y  a minimum ef-  
f o r t  w i l l  be requ i red  t o  accomplish the des i red output  power once 
the diode y i e l d  i s  improved. 
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APPENDIX A. THEORY OF WIDEBAND MULTITUNED CIRCUITS 
The bandwidth o f  a tuned c i r c u i t  i s  character ized by the r a t e  of change 
of the c i r c u i t  susceptance, B ( o r  reactance, X) ,  w i t h  the opera t i ng  f r e -  
quency,w. I n  o the r  words, t he  bandwidth i s  a f u n c t i o n  o f  t he  parameter 
aBb,w. A smal ler  value o f  aB/aw i m p l i e s  a l a r g e r  bandwidth. Since as/& i s  
r e l a t e d  t o  the Q of the c i r c u i t ,  i t can be sa id  t h a t  a smal ler  c i r c u i t  Q i m -  
p l i e s  a l a r g e r  operat ional  bandwidth. For  a s ing le- tuned c i r c u i t ,  however, 
the c i r c u i t  Q can no t  be lower w i thou t  l i m i t  s ince some s e l e c t i v i t y  ( f r e -  
quency determinat ion)  must be maintained. The optimum s o l u t i o n  i n  a s ing le -  
tuned c i r c u i t  i s  always a compromise between bandwidth and ou tpu t  power. 
Consequently, output  power always drops a t  band edge i n  a s ing le- tuned 
c i r c u i t .  
such as the double-tuned c i r c u i t  used i n  the analys is ,  possesses a smal ler  
aB/acc, compared w i t h  the s ing le- tuned c i r c u i t ,  
the former c i r c u i t  a re  high. 
I n  the fo l l ow ing  paragraphs, i t  i s  shown t h a t  a m u l t i t u n e d  c i r c u i t ,  
even i f  the  i n d i v i d u a l s  Q's i n  
A s i n g l e  RLC p a r a l l e l  c i r c u i t ,  as ind icated i n  F igu re  A-1, der ives the 
f o l  1 owing: 
The r a t e  o f  change o f  susceptance w i t h  frequency i s  found t o  be 
where 
Now, suppose a second resonator i s  added across the  c i r c u i t  as 
F igure A-2, w i t h  the  s t i p u l a t i o n  t h a t  i t s  resonant frequency i s  the 
t h a t  of the f i r s t  resonator.  YIN (a) then becomes 
(A-3) 
shown i n  
same as 
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Figure A-1. Equivalent circuit for single 
resonator circuit 
Figure A-2. Equivalent circuit o f  dual resonator circuit 
+ (A-4 1 
Since 
we have 
( A - 5 )  
(A-6) 
Differentiating w i t h  respect t o  
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The f i r s t  term was determined e a r l i e r  f o r  the case o f  the s ing le- tuned c i r -  
c u i t .  I n  the second term, we s u b s t i t u t e  f o r  L2 and C2 from the  r e l a t i o n  
" 2  1 
Q,=-R=-XT- 2 2 2  
Then, 
1 
R i  ( - Q2R2 +- 'ZR2) - 2 ( Q2R2 - Q2R2)( WL; - 
w w - -  - 'IN sql 
6" ="R1 
The second term s i m p l i f i e s  by  i nspec t i on  so t h a t  





The s i g n i f i c a n t  conclusion, which i s  evident from t h i s  , d s t  equation, i s  
t h a t  t he  r a t e  o f  change o f  susceptance B with frequency, a t  l e a s t  i n  the 
v i c i n i t y  o f  t h e  resonant frequency, i s  less f o r  t he  combination of two c i r -  
c u i t s  than f o r  e i t h e r  c i r c u i t  separately.  Th is  i n d i c a t e s  a mutual suscep- 
tance compensation and broadbanding act ion.  A l lowing q u a l i t a t i v e l y  the pos- 
s i b i l i t y  of. RI = RE , we o b t a i n  a n e t  Qequiv o f  t he  combination c i r c u i t ,  
which i s  the d i f f e rence  between the two i n d i v i d u a l  Q's, and d i f f e r e n c e  which 
cou ld  be smal l .  
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APPENDIX B. THEORY OF CONSTANT-VOLTAGE B I A S I N G  
Breakdown Voltage as a Funct ion o f  Temperature 
For any reverse-biased semiconductor j unc t i ons ,  S i  and GaAs included, 
the decreased i o n i z a t i o n  r a t e  a t  h igh  temperature g ives r i s e  t o  a p o s i t i v e  
temperature c o e f f i c i e n t  o f  breakdown vol tage. A good approximat ion of the 
breakdown v o l  tage-temperature r e l a t i o n s h i p  was g iven as [14,15]: 
where vb i s  the device breakdown vol tage a t  a j u n c t i o n  temperature of Tj, vbo 
i s  the same a t  a reference j u n c t i o n  temperature of To, and P i s  the norma- 
l i z e d  temperature c o e f f i c i e n t  def ined by 
'bo dT 
Not ice t h a t  the r i s e  of the j u n c t i o n  temperature, T , i s  caused by ex te rna l  
heat ing (due t o  r i s e  of the ambient temperature) and i n t e r n a l  hea t ing  (due t o  
power d i s s i p a t i o n  i n  the diode). Consider f i r s t  the e f f e c t  o f  ex te rna l  heat- 
ing.  Equation (6-1) can be r e w r i t t e n  as: 
j 
where AT = T-To i s  the r e l a t i v e  ambient temperature i n  re ference t o  To and T 
i s  the ambient temperature. 
ambient temperature i n  reference t o  To in t roduces a change i n  diode breakdown 
voltage, vb, i n  reference t o  vbo. We s h a l l  say t h a t  Avb i s  caused by 
ex te rna l  heating. 
Equation (B-3) s t a t e s  t h a t  a change i n  the 
When avalanche breakdown occurs, b i a s  c u r r e n t  f l ows  through the  device 
j u n c t i o n .  
power i s  converted t o  the RF. 
j u n c t i o n  as heat, and as a r e s u l t ,  T .  r i s e s .  
3 
across the diode t o  increase above vb i n  a fash ion  i d e n t i c a l  t o  external  
heat ing.  We s h a l l  express the increase i n  diode vo l tage  i n  analog t o  equa- 
t i o n  (B-3) and w i t h  the a i d  of a well-known heat equat ion:  
I n  the case o f  an IMPATT diode, o n l y  a small  f r a c t i o n  o f  the b i a s  
The remaining b i a s  power i s  d i s s i p a t e d  a t  t he  
This  process causes the vo l tage 
AVd1 = PVbo 6, (VdId + p i - p  0 ) (B-4 1 
6 2  
where AVdl i s  the increase i n  diode vo l tage above V due t o  the i n t e r n a l  
heat ing,  6, i s  the thermal res i s tance  from the diode j u n c t i o n  t o  t h e  am- 
bience, vd and Id are the b ias  vo l tage and current ,  respec t i ve l y ,  o f  t he  
diode, P1 i s  the RF i n j e c t i o n  power, and Po i s  the RF output  power. Also, 
du r ing  avalanche breakdowns, the space charge of the c a r r i e r s  d i s t o r t s  the 
e l e c t r i c  f i e l d  p r o f i l e  i n  the space charge layer ,  g i v i n g  r i s e  t o  a p o s i t i v e  
e l e c t r i c  res i s tance  [16]. This, so-cal led, space-charge res i s tance  produces a 
vo l tage drop across the diode i n  a d d i t i o n  t o  Avb and AVdl. The vo l tage  drop 
can be expressed as: 
where RSc i s  the space-charge res i s tance  o f  the diode and can be determined 
experimental 1 y [ 141. 
For the sake of closed-form solut ions,  we s h a l l  r e s t r i c t  ourselves t o  a 
f i r s t - o r d e r  ana lys i s  i n  the next sec t i on  by i g n o r i n g  the  terms i n v o l v i n g  Pi 
and Po. 
acceptable s ince o n l y  a small f r a c t i o n  of the b i a s  power i s  converted t o  Po. 
AVdl i s  now expressed as: 
2 (Not ice t h a t  Po. i s  a func t i on  of Id.) The e r r o r  so in t roduced i s  
The t o t a l  vo l tage  across an IMPATT diode under avalanche cond i t i ons  can be 
w r i t t e n  as: 
(B-7)  - 8 V I ' PVbo AT - 'bo + Rscld + 'bo t d d 
A p l o t  of equat ion (8-7) i s  shown i n  Figure B-1. 
Thermal P roper t i es  o f  C-I and C-V Biasings 
With C - I  b ias ing,  I d  - Io = constant, and the diode vo l tage as a func- 
t i o n  of t empera tu re ,  by  rearranging equation (B -7 ) ,  can be w r i t t e n  as: 





F igu re  B-1. Diode breakdown vo l tage  c h a r a c t e r i s t i c  
T = 8, Io vd + T 
j 
= 8, Io  (al + bl A T )  +AT + To 
= a2 + b 2 A T  
(B-9) 
For p r a c t i c a l  cases, the parameters al, a2 , bl, bp a re  found t o  be p o s i t i v e .  
I t i s  r e a d i l y  seen t h a t  w i t h  C-I bias ing,  both diode vo l tage and j u n c t i o n  
temperature r i s e  w i t h  any temperatures above To ( i .e.,  f o r A T  >0)  and the re  
i s  a p o s s i b i l i t y  of a thermal runaway due t o  i n t e r n a l  heat ing i f  the con- 
d i t i o n  POt Vbo I o  = 1 i s  met. 
On the o the r  hand, w i t h  C-V b ias ing,  Vd - Vo = constant, and the diode 
cu r ren t  and j u n c t i o n  temperature can be shown t o  be 
= c1 - dl AT f o r  AT Q ATc 




= e  I v + T  Tj  t d o  
= c2+ d2 T f o r  AT< ATc ( B - l l a )  
= AT  f o r  AT > ATc ( B - l l b )  
Again, the parameters cl, c2, dl, d2 are found t o  be p o s i t i v e  f o r  p r a c t i c a l  
cases. A new parameter, Tc, which we s h a l l  c a l l  t he  c u t o f f  temperature, i s  
in t roduced here and i s  defined as 
Tc - To = ATc = cl/dl = '0 - 'bo 
'bo 
(B-12) 
Equation (B-10) i n d i c a t e s  t h a t  diode current  decreases w i t h  e l e v a t i n g  temper- 
a ture.  As the ambient temperature reaches Tc, the diode c u r r e n t  goes t o  zero 
and remains zero f o r  any temperatures above Tc. 
j u n c t i o n  temperature increases wi th  ambient temperature a t  a r a t e  d As the  
ambient temperature goes above Tc, the r a t e  changes t o  u n i t y .  
under C-V b i a s  are p l o t t e d  against  temperatures and a r e  shown i n  Figures B-2 
and B-3. 
On the  o the r  hand, the 
2 '  
j 
Id and T 
Comparison of C - I  and C-V B ias ing  
Although T .  increases wi th  temperature when the diode has e i t h e r  C - I  
J 
b i a s  o r  C-V b ias,  T .  increases w i t h  temperature a t  a slower r a t e  i n  the C-V 
case than the C - I  case, as can be seen f r o m  the  f o l l o w i n g  i n e q u a l i t y .  
J 
pet 'o 'bo b2= 1 + O e t l  ov bo > d p = l - R  - pet ',bo sc + PetVo 'bo 
The slower r a t e  i s  due t o  the f a c t  t h a t  w4t.h C-V b i a s i n g  i n t e r n a l  heat- 
i n g  decreases w i t h  e l e v a t i n g  temperature. Take a commercial IMPATT diode, HP 
5082-0400, f o r  example. 
f o l l o w s  [17]: 






5 '  
Figure B-2. Diode current vs temperature, C-V bias 
Figure 8-3. Diode junction temperature 
vs temperature, C-V bias 
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p = 1.17 I O - ~ / O C  
RSc = 31 ohms 
e = 160 c/w 
I f  t h i s  diode were employeL, we would have b2 = 1.0, and d2 = .21. The 
diode junction temperature would increase w i t h  temperature a t  a r a t e  f ive 
times f a s t e r  w i t h  a C-I bias t h a n  w i t h  a C-V bias. 
thermal advantage i s  RF output.. 
w i t h  temperature a t  the ra te  of d l .  
square of diode current or 
The price t o  pay for  t h i s  
W i t h  C-V b i a s i n g ,  diode current decreases 
O u t p u t  power i s  proportional to  the 
Po = k(CZl+ d: AT2 - 2Cldl AT) (B-14) 
where k is  the constant of proportionality. O u t p u t  power decreases, there- 
fore,  a t  the ra te  o f  
2Cldl 
"0 = 2dl 2 AT - 
A T  
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(B-15) 
APPENDIX C. EFFECTS OF DIODE NONUNIFORMITY 
I t  i s  important t o  examine the e f f e c t s  o f  IMPATT diode parameter d i spe r -  
s ion  on the performance of the IMPATT a m p l i f i e r ,  s ince i t  i s  the a m p l i f i e r  
which l a r g e l y  determines the o v e r a l l  performance o f  the communications sys- 
tem. 
most s i g n i f i c a n t  IMPATT diode parameter v a r i a t i o n  i s  the maximum power a v a i l -  
ab le from the  diode. 
power r e s u l t s  p r i n c i p a l l y  from v a r i a t i o n s  i n  the  diode area. I t  i s  shown 
t h a t  the lock ing bandwidth and center  frequency, as w e l l  as the  output  power, 
are s e n s i t i v e  t o  these v a r i a t i o n s .  
A review of these e f fec ts  i s  presented i n  which i t  i s  assumed t h a t  t he  
I n i t i a l l y ,  i t  has been assumed t h a t  t h i s  v a r i a t i o n  i n  
I n  the fo l l ow ing  paragraphs, a simple equ iva len t  c i r c u i t  model of a 
s ingle-diode i n j e c t i o n - l o c k i n g  o s c i l l a t o r  i s  discussed. (Th is  w i l l  s u f f i c e  
f o r  the purpose of i l l u s t r a t i n g  the e f f e c t  o f  diode nonuni formi ty . )  
output  v a r i a t i o n s  due t o  diode c h i p  area v a r i a t i o n s  are ca l cu la ted .  
s i m p l i c i t y ,  i t  i s  assumed t h a t  the o s c i l l a t o r  has been adjusted i n i t i a l l y  f o r  
optimum performance us ing an average diode and t h a t  no changes i n  the  o s c i l -  
l a t o r  coupl ing system a re  made t o  accommodate diodes o f  d i f f e r e n t  ch ip  areas. 
The e f fec ts  of diode area changes on power, frequency, and bandwidths a re  
then ca lcu lated.  The r e s u l t s  o f  the ana lys i s  have shown t h a t  t he  most s i g -  
n i f i c a n t  inf luence of diode ch ip  area v a r i a t i o n s  i s  on the center  frequency 
of the amp l i f i e r .  To compensate f o r  t h i s ,  i t  w i l l  be necessary t o  i n d i v i d u -  
a l l y  tune each a m p l i f i e r  t o  the des i red cen te r  frequency. 
c i r c u i t  of the i n j e c t i o n - l o c k e d  o s c i l l a t o r  i s  shown i n  F igure C-1.  
e l e c t r o n i c  pa r t  of the diode ch ip  admittance, Cd i s  the c h i p  capacitance, Cc 
and Lc a r e  the equ iva len t  capacitance and inductance o f  the c i r c u i t  r e f e r r e d  
t o  the  c h i p  plane, and Rs and GL a re  the values o f  the b i a s  s t a b i l i z i n g  re -  
s is tance and ex te rna l  l oad  conductance r e f e r r e d  t o  the c h i p  plane. 
c a l l y ,  R S ,  which i s  used t o  suppress subharmonic o s c i l l a t i o n s ,  and l / G c ,  the 
equ iva len t  c i r c u i t  l o s s  res i s tance  a re  small  compared t o  l / G L .  
both terms, RS and GL, w i l l  be neglected t o  s i m p l i f y  t he  analys is .  
Power Output V a r i a t i o n s  
Power 
For 
The equ iva len t  
Ye  i s  the 
Typi- 
The e f fec t  of 
The power output  of an i n j e c t i o n - l o c k e d  a m p l i f i e r  ope ra t i ng  i n  the f ree- 
running o s c i l l a t o r  mode i s  given b y  
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REFERENCE PLANE 






I n  terms of the two diode parameters, Gs and Vm, t he  optimum power occurs 
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where -Ge i s  the negat ive e l e c t r o n i c  conductance of t he  diode c h i p  and V1 i s  
the peak value of the ac ch ip  vol tage. For purposes of d iscussion, a diode 
w i t h  an optimum power of 2.5 W i s  assumed. It i s  f u r t h e r  assumed t h a t  
(-)Ge = (-)20 x mhos and V1= 15.8 V under the cond i t i ons  o f  optimum 
power output.  
modif ied r e a d i l y  when the actual  diode c h a r a c t e r i s t i c s  become ava i l ab le .  
Near the optimum power operat ing condi t ion,  Ge i s  assumed t o  va ry  as 
I t  should be noted t h a t  the d iscuss ion which f o l l o w s  can be 
where Gs i s  an equ iva len t  small s ignal  e:ettroi i i t  conductance anu v, is de- 
f i ned  so t h a t  when V1 = V,, Ge= 0 ( i .e . ,  Po = 0). 
t u t i n g  i n t o  the  Po equation, we have 
2 Solv ing f o r  Vl and subs t i -  
V1(opt) = - vm (optimum ch ip  vo l tage )  
fi 
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( C - 4 )  
and 
2 
(optimum power output  ) Gsvm P(0pt)  = 8 
For the diode assumed, Vm = 22.34 and Gs = ~ O X ~ O - ~  mhos. Thus 
(C-6) 2 = 249.5 GL - 6238.5 GL 
A p l o t  of t h i s  equat ion near GL(opt) i s  g iven as the  middle curve of F igu re  
c-2. 
2 . 5  








1 '  
2 
I 
0 I I I 
0 10 20 30 90 x' 10-3 
LOAD CONDUCTANCE (MHO) 
Figure C-2. Output power v a r i a t i o n s  due t o  diode area 
v a r i a t i o n s  
I f  the diode area va r ies  by  a f a c t o r  a, then 
a Po = 249.5 GL - 6238-5 G: 
I t  has been assumed t h a t  V, remains unchanged, because o n l y  area v a r i a t i o n s  
are considered and t h a t  the new value o f  Gs i s  Gs. 
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Figure C-2 shows the e f f e c t  of changes of from 1.1 t o  0.9 (210 percent  
change i n  area). 
constant, the power va r ies  about the nominal 2.5-W value from 2.2 t o  2.7 W .  
I t  i s  seen t h a t  s ince the l oad  conductance i s  assumed 
where C i s  t he  e f f e c t i v e  capacitance o f  the o s c i l l a t o r ,  GL i s  t he  l oad  con- 
ductance as measured a t  the diode ch ip  plane, and oo i s  2 t imes the f ree -  
running frequency o f  the o s c i l l a t o r .  Assuming, f o r  the average diode, t h a t  
9 GL = ~ O X ~ O - ~  mho, w0 = 2n x 20 x 10 rads/sec, and C = 2x10-l2F, Q, i s  ap- 
i S  13.4, assuming a l l  o the r  design parameters are unchanged. 
cen t  r e d u c t i o n  i n  diode c h i p  area, Q, becomes 11.75. 
I 
I 
I p rox ima te l y  12.5. For a diode w i t h  10 percent l a r g e r  diode c h i p  area, Q, 
1 For a 10 per-  
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O s c i l l a t o r  Frequency Var ia t i ons  
The s e n s i t i v i t y  o f  the o s c i l l a t o r  frequency t o  changes i n  t h e  diode area 
I 
can be est imated from 
- fo *c A f o  - - - -  2 c  
where fo i s  the change i n  fo , the free-running o s c i l l a t o r  frequency, 
Ac, i s  the change i n  capacitance of the diode, and c i s  the equ iva len t  capaci-  
tance o f  the o s c i l l a t o r .  I t  i s  est imated t h a t  the capacitance o f  the diode 
ch ip  w i l l  be 1.3 pF and the e f f e c t i v e  capacitance o f  t he  o s c i l l a t o r  w i l l  be 
2 pF. Therefore, a 10 percent change i n  diode ch ip  area w i l l  r e s u l t  i n  
Ac = 20.13 pF so t h a t  A f o  = 650 MHz. 
This c a l c u l a t i o n  shows t h a t  the o s c i l l a t o r  i s  ve ry  s e n s i t i v e  t o  changes 
i n  the  diode capacitance. It i s  i n t e r e s t i n g  t o  note t h a t  the a m p l i f i e r  de- 
s ign  f a c t o r s  which produce l a r g e  l o c k i n g  bandwidths w i l l  a l so  increase t h e  
s e n s i t i v i t y  t o  diode capacitance va r ia t i ons .  It should a l s o  be noted t h a t  
because of t h i s  s e n s i t i v i t y ,  i t  w i l l  be necessary t o  p rov ide  a frequency ad- 
justment element i n  each o s c i l l a t o r  t o  mainta in  a center  frequency of about 
20 GHz. 
Locking Bandwidth Sensi t i v i  t x  
The ex te rna l  Q o f  the a m p l i f i e r  i s  given by  
C - WO 
Q x -  y (C-10) 
The smal l -s ignal  l o c k i n g  bandwidth o f  an o s c i l l a t o r  i s  g iven by  
fo  ( P i )  1‘2 
Ttp f =  (C-11) 
where fo i s  the center  frequency 
Q, i s  the external  Q 
Pi i s  the l o c k i n g  power 
Po i s  the output  power. 
Assuming t h a t  the nominal values o f  the a m p l i f i e r  Pi and Po a re  0.25 
and 2.5 W, r espec t i ve l y ,  the nominal l o c k i n g  bandwidth i s ,  assuming Q, 12.5, 
505 MHz. 
power va r ia t i ons  and Q, v a r i a t i o n s ,  the l o c k i n g  bandwidth i s  est imated t o  be 
472 MHz, and f o r  a 10 percent decrease, the est imated bandwidth is 538 MHz. 
These r e s u l t s  a re  shown g r a p h i c a l l y  i n  F igure C-3. 
For a 10 percent increase i n  diode c h i p  area, account ing f o r  t he  
B = 472 MHz 
P, = 2.7 w 
- 
o B = 505 MHz 
2.5 c------------------.l - 
Po = 2.5 w 
I 
I I 
I I I 
I I I 
3 1.5 1 I I 
I I I 
I I I 
1 -  I I I 
I I I 
I I 
I I I 
I I I 
B = 530 MHz 
I 4 Po = 2.2 w 
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Figure C-3. Center-frequency and locking-bandwidth changes due t o  
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